せん断流れ場での血栓生成予測のための有限差分法と散逸粒子動力学法のハイブリッドCFD法の開発 by Yi  Yingming
Development of Hybrid CFD Method between
Finite Difference Method and Dissipative
Particle Dynamics Method for Predicting
Thrombus Formation on Shear Flow












Development of Hybrid CFD Method between Finite 
Difference Method and Dissipative Particle 
Dynamics Method for Predicting Thrombus 




















Department of Biological Functions Engineering, 
Graduate School of Life Science and Systems Engineering,  
Kyushu Institute of Technology 
 
 







Development of Hybrid CFD Method between Finite 
Difference Method and Dissipative Particle 
Dynamics Method for Predicting Thrombus 




















Department of Biological Functions Engineering, 
Graduate School of Life Science and Systems Engineering,  
Kyushu Institute of Technology 
 
 





Nomenclature ............................................................................................................................ i 
 
 
Chapter 1 Introduction and literature review....................................................................... 1 
1.1 Cardiovascular diseases and artificial hearts ................................................................... 1 
1.2 Hemolysis and thrombus in artificial hearts .................................................................... 1 
1.3 Experimental studies on thrombus formation .................................................................. 5 
1.4 Computational studies on thrombus formation ................................................................ 5 
1.4.1 Finite difference method ............................................................................................ 5 
1.4.2 Dissipative particle dynamics method ....................................................................... 6 
1.4.3 Hybrid method ........................................................................................................... 7 
1.5 Aims and objectives ......................................................................................................... 8 
 
 
Chapter 2 Simulation of platelet transport, activation, and deposition by finite 
difference method ................................................................................................ 10 
2.1 Introduction .................................................................................................................... 10 
2.2 Concept and model equations ........................................................................................ 10 
2.2.1 Equations of fluid motion ........................................................................................ 10 
2.2.2 Equations of computing blood species concentrations ............................................ 13 
2.2.3 Reaction rate of platelet activation .......................................................................... 14 
2.2.4 Model of platelet deposition on the wall ................................................................. 16 
2.2.5 Diffusivities of blood species in the transport equations ......................................... 18 
2.3 Method and computational objects ................................................................................ 19 
2.3.1 Discretization of the model equations by finite difference method ......................... 19 
2.3.2 Computational objects, boundary conditions, and initial conditions ....................... 19 
2.4 Results and discussions .................................................................................................. 21 
2.4.1 Flow field ................................................................................................................. 21 
2.4.2 Transport process of blood species when Reynolds number is 5300 ...................... 23 
2.4.3 Effect of Reynolds number on the transport process ............................................... 26 
2.4.4 Comparison between the computational results and the experimental results ........ 33 




Chapter 3 Simulation of platelet aggregation by dissipative particle dynamics .............. 38 
3.1 Introduction .................................................................................................................... 38 
3.2 Concept and model equations ........................................................................................ 38 
3.2.1 Equations of fluid motion ........................................................................................ 38 
3.2.2 Equations of particle motion.................................................................................... 39 
3.2.3 Virtual particle model .............................................................................................. 41 
3.3 Methods and computational objects ............................................................................... 43 
3.3.1 Integration of DPD equations .................................................................................. 43 
3.3.2 Parallel computation by OpenMP ............................................................................ 43 
3.3.3 Discrimination method of platelet’s status .............................................................. 44 
3.3.4 Computational objects, boundary conditions, and initial conditions ....................... 47 
    3.4 Results and discussions .................................................................................................. 47 
3.4.1 Physical phenomena ................................................................................................ 47 
3.4.1.1 Platelet motion and aggregation on AB orifice flow in cases of different 
numbers of virtual particles ......................................................................... 47 
3.4.1.2 Aggregation numbers of AB orifice in cases of different numbers of virtual  
particles ........................................................................................................ 49 
3.4.1.3 Probability distribution functions of the number of platelet aggregation on 
the wall of AB orifice .................................................................................. 52 
3.4.1.4 Platelet motion and aggregation on AB, AF, BB, and BF orifice flows when  
the number of virtual particles is 5000 ........................................................ 53 
3.4.1.5 Effect of Reynolds number on the number of platelet aggregation on the 
wall ............................................................................................................... 55 
3.4.1.6 Comparison between the computational results and the experimental results 
...................................................................................................................... 56 
3.4.2 Mathematical analysis ............................................................................................. 60 
3.4.2.1 Effect of time step on platelet aggregation .................................................. 60 
3.4.2.2 Parallel performance of OpenMP ................................................................ 62 
3.4.2.3 Discrimination of platelet’s status ............................................................... 65 
3.5 Summary ........................................................................................................................ 68 
 
 
Chapter 4 Development of a hybrid CFD method between FDM and DPD .................... 69 
4.1 Introduction .................................................................................................................... 69 
  
4.2 Concept and model equations ........................................................................................ 70 
4.2.1 Model equations in FDM and DPD ......................................................................... 70 
4.2.2 Equations of conversion between FDM and DPD ................................................... 70 
4.2.2.1 General expression of the numbers of activated platelets that virtual 
             activated platelets represent ......................................................................... 71 
4.2.2.2 General expression of the proposed distribution function ........................... 71 
4.2.2.3 General expression of [𝐴𝑃]DPD and [𝐴𝑃]Hybrid .......................................... 72 
4.2.2.4 Algorithm of the simulation in the hybrid method ...................................... 73 
4.2.2.5 Two dimensional expression of the numbers of activated platelets  
that virtual activated platelets represent ....................................................... 75 
4.2.2.6 Two dimensional expression of the proposed distribution function ............ 77 
4.2.2.7 Two dimensional expression of [𝐴𝑃]DPD and [𝐴𝑃]Hybrid ........................... 78 
4.2.3 Equations of computing blood species concentrations ........................................... 79 
4.2.4 Relationship between equations in FDM, DPD, and hybrid method ...................... 80 
4.3 Methods and computational objects ............................................................................... 80 
4.3.1 Discretization of the model equations..................................................................... 80 
4.3.2 Equations of computing the numbers of resting platelets in the fluid .................... 81 
4.3.3 Equations of computing the integration of activated platelet concentration on the  
wall ......................................................................................................................... 81 
4.3.4 Equations of computing the relative errors in the cases of different numbers of 
 virtual activated platelets ........................................................................................ 81 
4.3.5 Computational objects, boundary conditions, and initial conditions ...................... 83 
4.4 Results and discussions .................................................................................................. 84 
4.4.1 Effect of platelet aggregation on the distribution of activated platelet concentration 
  in the hybrid method ............................................................................................... 84 
4.4.2 Effect of number of virtual activated platelets on the deposition rate .................... 89 
4.4.3 Effect of number of virtual activated platelets on activated platelet concentration 
in DPD .................................................................................................................... 90 
4.4.4 Computational time in the hybrid method .............................................................. 92 
4.4.5 Effect of number of virtual activated platelets on CPU time and the relative error 
.................................................................................................................................. 95 
4.5 Comparison of the results between FDM, DPD, and hybrid method ............................ 95 
4.6 Discussions .................................................................................................................... 98 
  
4.7 Application of the hybrid method to other simulations ................................................. 99 
4.8 Summary ........................................................................................................................ 99 
 
 
Chapter 5 Conclusions ......................................................................................................... 101 
 
 
References ............................................................................................................................. 105 
 
 
Acknowledgement ................................................................................................................ 113 
 
 

























𝑎                   platelet radius, cm 
𝒂𝑘
𝑛+1/2
          acceleration of particles at (𝑛+1/2)th time step, cm/s2 
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𝑛      activated platelet concentration in FDM at the point P in 𝑛th time iteration,  
1/ml 
[𝐴𝑃]P,Hybrid
𝑛   activated platelet concentration in the hybrid method at the point P in 𝑛th time  
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[𝐴𝑃]′             activated platelet concentration derived from distribution functions, 1/ml 
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[𝐴𝑇]FDM       antithrombin III concentration in FDM, μM 
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                      of virtual activated platelets is the lowest, 1/ml 
𝑑                   initial platelet distance, μm 
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𝐝𝐢𝐯                divergence operator 
𝐷𝑃𝑇               laminar diffusivity of prothrombin, cm
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𝑭𝑘                 force acting on 𝑘th particle, N 
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𝑔                   coefficient of the distribution function, 1/cm2 
𝑔𝑗                  function to compute the deviation of [𝐴𝑃]DPD,𝑗 from [𝐴𝑃]DPD,beg 
𝐠𝐫𝐚𝐝             gradient operator 
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𝑛               group ID of 𝑖th platelet at the 𝑛th time step 
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0                group ID of 𝑖th platelet at the initial time step 
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𝐿1                  parameter controlling the force range 
𝐿2                  parameter controlling the force range 
𝐿3                  parameter controlling the force range 
𝐿4                  parameter controlling the force range 
𝑚𝑘                mass of 𝑘th particle, kg 
𝑀(𝑠, 𝑡)          resting and activated platelet deposition, 1/cm2 
𝑀as(𝑠, 𝑡)       activated platelet deposition, 1/cm
2 
𝑛                   𝑛th time index 
Nagg,fluid       total number of aggregated platelets in the fluid 
Nagg,wall        total number of aggregated platelets on the wall 
𝑁allo              allocation number 
𝑁𝑘                 number of activated platelets that 𝑘th particle represents 
𝑁P                 number of platelets in one virtual particle 
𝑁proc                   number of processors in the parallel computation 
Nr,fluid           relative aggregation number in the fluid 
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[𝑅𝑃]Hybrid,𝑗  resting platelet concentration in the hybrid method when number of activated  
platelets is 𝑗, 1/ml 
[𝑅𝑃]P,FDM
𝑛      resting platelet concentration in FDM at the point P in 𝑛th time iteration,  
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𝑠                   position on the wall in the axis direction, cm 
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𝑆                   area of the computational region, cm2 
𝑆𝐴𝑃                source term of activated platelet, 1/s 
𝑆𝑎𝑝𝑟              source term of platelet-released agonist, μM/s 
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𝑆𝐴𝑇                source term of antithrombin III, μM/s 
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𝑆p                          speedup 
𝑆𝑃𝑇                source term of prothrombin, μM/s
 
𝑆𝑅𝑃               source term of resting platelet, 1/s 
𝑆𝑇                 source term of thrombin, U ml
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[𝑇]FDM          thrombin concentration in FDM, U/ml
 
𝑇final             final time, s
 
[𝑇]Hybrid      thrombin concentration in the hybrid method, U/ml
 
[𝑇]th             threshold concentration of thrombin for platelet activation, U/ml
 
𝑡∗                  “characteristic” time constant in the distribution function, s 
𝑡1                  CPU time at the start of the time iteration, s 
𝑡2                  CPU time at the end of the time iteration, s 
𝑢                   fluid velocity component in the axis direction, cm/s 
𝒖                   fluid velocity, cm/s 
𝑈in                average inlet velocity, cm/s
 
𝒖P
𝑛                 fluid velocity at the point P in 𝑛th time iteration, cm/s 
𝑢𝜀                 Kolmogorov velocity scale, cm/s 
𝑣                   fluid velocity component in the radius direction, cm/s 
𝑉                   volume of the computational region, ml 
𝑽𝑛                 velocity of particles at 𝑛th time step, cm/s 
𝑽𝑘                 velocity of 𝑘th activated platelet, cm/s
 
𝑽𝑘
𝑛                 velocity of 𝑘th activated platelet at 𝑛th time step, cm/s 
𝑉error,𝑗          volume of all the not matching places, cm
2 
𝑣𝑜𝑙𝑘              volume of the 𝑘th sub-region, ml
 
𝑊(𝑠, 𝑡)         percentage of the wall not been occupied by deposited resting and activated 
 platelets 
𝑥                   position in the axis direction, cm 
𝑿                  position in the flow field, cm 
𝑿𝑛                position of particles at 𝑛th time step, cm 
𝑿𝑘                position of 𝑘th particle computed with consideration of the effect of platelet 
 vi 
                     aggregation, cm 
𝑿𝑘
′                 position of 𝑘th activated platelet computed without consideration of the effect of 
                     platelet aggregation, cm 
𝑿𝑘
𝑛                position of 𝑘th activated platelet computed at 𝑛th time step, cm 
𝑿𝑙                 position of 𝑙th particle, cm 
𝛼                   force coefficient, N 
𝛽                   conversion factor to convert thrombin from U/ml to μM, nmol/U 
𝛾                   constant to modulate the velocity term, cm/s 
?̇?                   shear rate in the flow field, 1/s 
?̇?th                threshold shear rate for platelet activation, 1/s 
𝜀                   turbulent dissipation rate, cm2/s3 
ε′                  allowed error 
𝜖                   coefficient 
𝜂                   coefficient 
𝜃                   coefficient 
𝜆𝑎𝑝𝑟              amount of platelet-released agonist released per activated platelet, nmol/PLT
 
𝜈t                  turbulent viscosity, cm
2/s 
𝜉                   constant to modulate the time term in the distribution function, s 
𝜌                   fluid density, kg/ml 
𝜌PLT              platelet density, kg/ml
 
𝜎                standard derivation of Gaussian function, μm 
𝜑at                generation rate of thrombin from prothrombin on activated platelets,  
U PLT-1 s-1 (μM PT)-1 
𝜑rt                generation rate of thrombin from prothrombin on resting platelets,  
U PLT-1 s-1 (μM PT)-1 
𝛤                   reaction model for the heparin-catalyzed inactivation of thrombin  
by antithrombin III, 1/s 
∆𝑠                 spatial interval on the wall, cm 
∆𝑿𝑘
𝑛              displacement of 𝑘th particle at 𝑛th time step, cm 
Φ                  activation function due to shear rate 





INTRODUCTION AND LITERATURE REVIEW 
 
 
1.1 Cardiovascular diseases and artificial hearts 
The cardiovascular system is an organ system that permits blood to circulate in the body. 
The cardiovascular system comprises the blood, heart, and blood vessels. The heart pumps 
blood through the blood vessels (1). Cardiovascular diseases include stroke, heart failure, 
thromboembolic disease, and venous thrombosis (2). As is shown in Figure 1.1, cardiovascular 
diseases were the most common causes of deaths globally as of 2008, accounting for 31% of 
deaths (3). 
 
Among all the cardiovascular diseases, the death rates of heart diseases are the highest. 
At end stage of cardiovascular diseases, cardiac transplantation represents the only restorative 
therapy for the patient. However, the supply of donor organs is very limited (4). Ventricular 
assist devices have emerged as a salvage therapy, serving as a “bridge to transplant” by 
providing mechanical circulatory support until the patient can be transplanted (5). The left 
ventricular assist devices (LVAD) are the most common devices applied to a defective heart 
(6-8). Moreover, blood pumps have been investigated as long-term ventricular assist devices 
for patients with heart failure in recent years (9, 10). 
 
1.2 Hemolysis and thrombus in artificial hearts 
Hemolysis and thrombus are serious problems in the development of rotary blood pumps. 
Hemolysis is the rupturing of red blood cells and the release of their contents into blood plasma. 
In centrifugal blood pumps, high shear stress, which occurs at the edge of the impeller in the 
pump and at the lip portion separating the diffuser from the pump casing, is considered to be 
the cause of hemolysis (11). Due to hemolysis, the membranes of red blood cells are damaged, 
causing the destruction of the red blood cells and eventually cell death. In order to reduce the 
risk of hemolysis, shear stress should be reduced in the rotary blood pumps. Figure 1.2(a) 
shows the normal red blood cells. The normal red blood cells are shaped as biconcave disks: 
flattened and depressed in the center, with a dumbbell-shaped cross section. Figure 1.2(b) 






















   
                                                    
(a) normal cells                                                       (b) destructed cells                    




A thrombus is a blood clot, resulting from the blood coagulation. Thrombus formation in 
blood-related medical devices can heavily reduce the efficiency and lead to device malfunction. 
And thrombus formation is one of the main causes of morbidity, which further leads to the risk 
of sudden death of patients (12, 13). Figure 1.3 shows the blood vessels with thrombus. Figure 
1.3(a) shows the normal blood vessel. The obstruction of blood flow doesn’t occur in the 
normal blood vessel. Figure 1.3(b) shows the early stage of thrombus formation. In the early 
stage, the thrombus occupies the blood vessel partly. Figure 1.3(c) shows the late stage of 
thrombus formation. In the late stage, the thrombus occupies the main part of the blood vessel 




















         





         






(c) late stage 




Virchow described three participating elements governing thrombus formation – the well-
known “Virchow’s triad” of blood, surface, and flow (14). As for the triad of blood, it is 
necessary to have a balance between pro- and anti-coagulant constituents in the blood. The 
formed thrombus in venous circulation is red thrombus. The formation of red thrombus is 
caused by the aggregation of blood components, such as red blood cells and fibrin. The formed 
thrombus in arterial circulation is white thrombus. The formation of white thrombus begins 
when platelets are activated by shear stress (15-17) or agonists such as adenosine diphosphate, 
thromboxane A2, or thrombin (18). These agonists can cause platelets to: (1) change shape, 
from discoid to spherical, (2) express adhesive receptors on their outer membranes, and (3) 
release adenosine diphosphate from their storage granules, as well as synthesize thromboxane 
A2. The exposed receptors allow activated platelets to adhere to proteins on a foreign surface 
or to the subendothelium exposed by an injury. The released agonists combine with those 
already present to activate any resting platelets in the vicinity. Via receptors, activated platelets 
can adhere to other activated platelets. Because there are no receptors on the membrane of 
normal platelets (resting platelets), resting platelets can’t adhere to other platelets. Besides 
coagulation process, there is also anticoagulation process. Antithrombin III is one of the 
inhibitors of coagulation factors, combining with thrombin to produce thrombin-antithrombin 
III complex, which has no procoagulant effect. The action of antithrombin III is catalyzed by 
heparin, which increases its rate of action by two to three orders of magnitude. 
 4 
 
As for the triad of surface, exposure of the subendothelial surface by injury initiates 
coagulation. When the blood interacts with a foreign surface, activated platelets interact with 
the surface by blood proteins. Within seconds of blood contact, proteins begin to adsorb to the 
foreign surface. Via receptors, activated platelets adhere to other activated platelets. The device 
surface can be more blood friendly by using a smoother surface or modifying the material’s 
surface chemistry. As for the triad of flow, platelets and coagulation factors are transported to 
an artificial surface or the site of an injury. The local flow patterns determine not only the place 
where a thrombus will form, its composition, and its size, but also whether or not it will remain 
at its nidus or embolize (19). 
 
Platelet transport, platelet activation, platelet deposition, and platelet aggregation are the 
four main phenomena in the formation of white thrombus. Figure 1.4 shows the schematic of 
the four phenomena in thrombus formation. For platelet transport, it is the motion of platelets 
in the flow field. The blood flow carries platelets and the relevant proteins to the thrombus for 
their incorporation into the structure (20). For platelet activation, it occurs after the platelet is 
exposed to one or more agonists. The activated platelets can adhere to other activated platelets 
(21). For platelet deposition, it is the adherence of platelets to surfaces (22, 23). For platelet 
aggregation, it is the adherence of platelets to each other to form a thrombus (24). The 












Figure 1.4 Schematic of platelet transport, activation, deposition,  








1.3 Experimental studies on thrombus formation 
Thrombus formation in the flow circuit of orifice flows with four geometries was 
visualized by laser sheet (25, 26). In the experiment, the transport process of the activated 
fibrinogen and the adhesion process on the wall were visualized. By image processing of the 
raw movie, the sequential images of thrombus formation on the flow were obtained. It was 
found that thrombus formation begins in the vicinity of the reattachment point on the flow. 
When thrombus growing is steady, the thrombus is mainly distributed around the reattachment 
point. 
 
Nobili et al. (27) proposed the concept of platelet activation state, which is used to describe 
the degree of platelet activation under shear stress by experiment. They also used shear stress 
and exposure time to evaluate a mathematic model for platelet activation state, and it was found 
that the value of platelet activation state in the experiment was well predicted by the model. 
Jesty and Bluestein (28) carried out the acetylation of prothrombin over a range of 
concentrations of sulfo-N-succinimidyl acetate. The acetylated prothrombin does not activate 
platelets but retains its amidolytic activity on a chromogenic peptide substrate. 
 
1.4 Computational studies on thrombus formation 
Computational fluid dynamics (CFD) is the art of replacing the integrals or the partial 
derivatives in these equations with discretized algebraic forms, which in turn are solved to 
obtain numbers for the flow field values at discrete points in time and/or space (29). Natural 
systems can be described at different scales, micro-, meso-, and macro-scales. A microscopic 
event occurs at nanometer in length and nanoseconds in time or even less (30). Macroscale 
describes physical objects or phenomena that are measurable. A macroscopic event is usually 
described by partial differential equations, such as Navier-Stokes equations for fluid dynamics. 
Mesoscale is somewhat in between, which is typically in order of μm and μs. 
 
1.4.1 Finite difference method 
Finite difference method (FDM) is historically the oldest and probably the simplest 
numerical method for solving partial differential equations, especially in simple geometrical 
domains. In FDM, differential equations are solved by approximating them with difference 
equations. The finite differences approximate the derivatives. 
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Shankar et al. (31) used a novel Radial Basis Function-FDM to simulate the chemical 
transport in a blood flow with binding/unbinding of the chemical to/from platelet surfaces, and 
analysed the behaviour of the proposed methodology. Fogelson (32) used FDM to discretize 
the convection-reaction-diffusion equations for studying platelet adhesion and aggregation 
during blood clotting in a microscopic vessel. Fogelson represents blood by a suspension of 
discrete massless platelets in a viscous incompressible fluid. The cohesion between platelets 
and the adhesion of a platelet to the injured wall are modelled by creating elastic links. Eckstein 
and Belgacem (33) added a drift term to the convection-reaction-diffusion equation for platelet 
transport so that situations with near-wall excesses of platelets can be described. Lobanov and 
Starozhilova (34) proposed a model which can simulate the interplay between the blood flow 
and the thrombus growth. The model takes into account the effect of hydrodynamic flows on 
proceeding chemical reactions and the backward effect of the growing clot on the flow. To 
explore how blood flow affects the growth of thrombi and how the growing masses, in turn, 
feedback and affect the flow, Leiderman and Fogelson (35) developed the first spatial-temporal 
mathematical model of platelet aggregation and blood coagulation under flow that includes 
detailed descriptions of coagulation biochemistry, chemical activation and deposition of blood 
platelets, as well as the two-way interaction between the fluid dynamics and the growing 
platelet mass. 
 
1.4.2 Dissipative particle dynamics method 
Partial differential equations are usually used to describe macroscopic events. However, 
partial differential equations are inadequate to capture mesoscopic events in complex fluids. 
Dissipative particle dynamics (DPD) is a mesoscopic simulation method for the dynamic 
properties of fluid. The DPD system involves a set of particles moving in continuous space and 
discrete time. In DPD, the fluid and solid objects are represented as a collection of interacting 
points, each representing a group of atoms or molecules. DPD is a meshless method. Filipovic 
et al. (36) used the DPD method to develop a mechanical model of platelet accumulation on 
the vessel wall. In the model, the blood is treated as a group of mesoscale particles interacting 
through conservative, dissipative, attractive, and random forces. By matching their simulations 
to the experimental results, the platelet aggregation/adhesion binding force was determined and 
found to be within a physiologically reasonable range. Pivkin et al. (37, 38) investigated the 
effect of the presence of red blood cells on platelet aggregation. They represented the red blood 
cells as rigid spheres. They found that an enhanced effective diffusivity of platelets in the 
presence of red blood cells increases the growth rate for large aggregates. 
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1.4.3 Hybrid method 
The demerit of FDM is that platelet aggregation can’t be simulated. Platelet aggregation 
can be simulated by DPD. In this thesis, a hybrid method between FDM and DPD is proposed 
to simulate platelet transport, platelet activation, platelet deposition, and platelet aggregation. 
Previous researchers have proposed several methods to combine FDM and DPD. Bian et al. 
(39) analyzed hydrodynamic fluctuations of a hybrid simulation under shear flow. Moreno et 
al. (40) proposed a variational multi scale approach to model blood flow through arteries. A 
finite element discretization to represent the coarse scales (macro size), is coupled to smoothed 
dissipative particle dynamics that captures the fine scale features (micro scale), and concluded 
that the suggested algorithm can be used with any particle-based method able to solve the 
Navier-Stokes equations. Fedosov and Karniadakis (41) presented a hybrid multiscale method, 
which is able to cover a broad range of spatiotemporal scales starting from molecular to 
mesoscopic and to continuum. Molecular dynamics method is employed in the molecular 
region, the DPD method is utilized in the mesoscopic region, and the continuum is described 
by the incompressible Navier-Stokes equations. And the hybrid multiscale method was verified 
for the Couette, Poiseuille, and lid-driven cavity flow simulations. The results show very good 
agreement with analytic and reference solutions. Kojic et al. (42) proposed a multiscale 
procedure to couple a mesoscale discrete particle model and a macroscale continuum model of 
incompressible fluid flow. They found that the method is suitable for modeling complex 
(colloidal) fluid flows, where continuum methods are sufficiently accurate only in the large 
fluid domain, while small, local regions of particular interest require detailed modeling by 
mesoscopic discrete particles. Solved examples, simple Poisenille and driven cavity flows, 
illustrate the applicability of the proposed method. Tosenberger et al. (43) modeled hemostatic 
plug with numerical simulations based on a hybrid dissipative particle dynamics-partial 
differential equation model. DPD is used to model plasma flow with platelets while fibrin 
concentration is described by a simplified reaction-diffusion-advection equation. They found 








Table 1.1 Properties of the hybrid methods. 
References Model equations Length 
scale Micro Meso Macro 
Bian et al. (39)  DPD Navier-Stokes equations μm 
Moreno et al. (40)  DPD Navier-Stokes equations μm 
Fedosov, Karniadakis (41) Molecular dynamics DPD Navier-Stokes equations  
Kojic et al. (42)  DPD Navier-Stokes equations μm 












Table 1.1 shows the properties of the hybrid methods. Although hybrid methods have 
been developed by others, most of them focus on capturing the micro scale feature of the flow 
field (39, 40, 41, 42). The hybrid model proposed in (43) models thrombus formation. However, 
the hybrid model proposed in (43) is suitable for the length scale of μm. The computational 
objects in this thesis are orifice flows, whose scale is cm. Due to the large scale, the particle 
number is high. The high number will induce vast computational time. So that the hybrid 
method in (43) is also not suitable for the simulation of thrombus formation on orifice flows. 
In this thesis, a new hybrid method between FDM and DPD is proposed to model thrombus 
formation on orifice flows. 
 
1.5 Aims and objectives 
Thrombus formation is a serious problem in the development of artificial hearts. The four 
main phenomena in thrombus formation are: (1) platelet transport, (2) platelet activation, (3) 
platelet deposition, and (4) platelet aggregation. The thrombus formation on orifice flows has 
been studied in the previous experimental works. In this thesis, thrombus formation on orifice 
flows is simulated by FDM and DPD. By FDM, the first three main phenomena in thrombus 
formation are simulated. By DPD, platelet aggregation is simulated. And the originality of this 
thesis is the development of hybrid CFD method between FDM and DPD. By the proposed 
hybrid method, all the four main phenomena can be simulated. And the computational results 






In Chapter 1, the mechanism of thrombus formation is introduced. The literatures on the 
experimental studies of thrombus formation are reviewed. The literatures on the computational 
studies of thrombus formation are reviewed. And the motivation of the development of the 
hybrid CFD method is stated. 
 
Chapter 2 is the topic of FDM. A set of convection-diffusion-reaction equations are used. 
By the modified model of reaction rate, platelet activation during platelet transport can be 
computed. The effect of blood species diffusivities on the transport process is investigated. The 
place of initial thrombus formation is predicted by investigating the place of high activated 
platelet concentration. The deposition rate, which is the initial time gradient of the integration 
of the activated platelet concentration on the wall, is computed. The deposition rates of 
different orifice geometries are compared with the thrombus formation rates in the previous 
experimental studies. 
 
Chapter 3 is the topic of DPD. Virtual particle model is designed to reduce the particle 
number. To investigate the computational accuracy of the virtual particle model, probability 
distribution functions, which are the numbers of platelet aggregation on the wall divided by the 
particle numbers, are computed in the cases of different numbers of virtual particles. The place 
of initial thrombus formation is predicted by investigating the place of high probability 
distribution function. The aggregation rate, which is the initial time gradient of the number of 
platelet aggregation on the wall, is computed. The aggregation rates of different orifice 
geometries are compared with the thrombus formation rates in the previous experiment. 
 
Chapter 4 is the topic of the development of hybrid CFD method. A distribution function, 
Gaussian function, is used to incorporate the effect of platelet aggregation in the computation 
of activated platelet concentration. The activated platelet concentrations in the cases of 
different particle numbers are computed. The place of initial thrombus formation is predicted 
by investigating the place of high activated platelet concentration. The effect of particle number 
on the deposition rate is investigated. The relative errors, which are used to describe the 
difference of activated platelet concentrations between the cases of different particle numbers, 
are computed. The effect of particle number on the CPU time and the relative error is 
investigated. The merits of the proposed hybrid method are discussed. 
 
Chapter 5 is the conclusions of this thesis. 
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CHAPTER 2 
Simulation of Platelet Transport, Activation, and Deposition 




Platelet transport, platelet activation, platelet deposition, and platelet aggregation are the 
four main phenomena in thrombus formation. Previous researchers developed convection-
diffusion-reaction equations to model these phenomena in thrombus formation. For example, 
Kuharsky and Fogelson (44) developed a convection-diffusion-reaction thrombus model for 
simulating coagulation biochemistry, platelet activation, platelet deposition, and the effect of 
thrombus formation on the flow field. However, platelet aggregation is not simulated by them. 
It is difficult to model all the four phenomena by one model. In this chapter, platelet transport, 
platelet activation, and platelet deposition on orifice flows are modelled by convection-
diffusion-reaction equations. The model equations in FDM mainly include three groups of 
equations: the equations of fluid motion, the equations of computing blood species 
concentrations, and the equations of computing platelet deposition on the wall via surface-flux 
boundary conditions. 
 
In this chapter, the reaction rate of platelet activation is modified. By the modified model 
of reaction rate, platelet activation during platelet transport is computed. The effect of blood 
species diffusivities on the transport process is investigated. The place of initial thrombus 
formation is predicted by investigating the place of high activated platelet concentration. The 
deposition rate, which is the initial time gradient of the integration of the activated platelet 
concentration on the wall, is computed. The deposition rates of different orifice geometries are 
compared with the thrombus formation rates in the previous experimental studies (25, 26). 
 
2.2 Concept and model equations 
 
2.2.1 Equations of fluid motion 
Blood is composed of red blood cells, platelets, and plasma. The volume fraction of red 
blood cells is approximately 45% in the blood. In the previous experimental study of thrombus 
formation on orifice flows, red blood cells are removed. Thus the fluid is plasma. To simplify 
the computation of the flow field on orifice flows, two assumptions are made to the blood flow: 
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(1) the blood flow is single phase continuum flow, and (2) the blood is treated as a Newtonian 
fluid. 
 
The equations of fluid motion contain continuum equation, Navier-Stokes equations, and 
the equations of the turbulent model. k-epsilon turbulent model has the merit of low 
computational complexity. However, it is an isotropic model. The flow field variables are 
overestimated by the isotropic model in the high shear area. To overcome this demerit, 
Launder-Kato k-epsilon turbulent model is used. Launder-Kato k-epsilon turbulent model has 
high accuracy in computing the flow field with the characteristics of separation and 
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 ,                                                                                                    (2.6) 
 
𝐶𝑢 = 0.09, 𝐶𝜀1 = 1.5, 𝜎𝑘 = 1.4, 𝜎𝜀 = 1.4, 𝐶𝜀2 = 1.9,                                (2.7) 
 














}] ,                         (2.8) 
 


















, 𝑢𝜀 = (𝜈𝜀)
1/4 .                                                             (2.10) 
                
In Equations (2.1)-(2.10), 𝑥 and 𝑟 are the positions in the axial and radius directions, 𝑢 is the 
fluid velocity in the axis direction, 𝑣 is the fluid velocity in the radius direction,  𝑝 is fluid 
pressure, 𝑅𝑒 is Reynolds number, 𝜈t is the turbulent viscosity, 𝑘 is turbulent kinetic energy,
 𝜀 
is turbulent dissipation rate, and 𝑢𝜀 is Kolmogorov velocity scale. 
 
The fully developed orifice flows are assumed to be axisymmetric because the orifice 
pipes are axisymmetric. The computational region can be simplified to be half cross-sections. 
The following boundary conditions are used in the simulation. 
(1) inlet 
According to the special cases, 𝑢, 𝑘, and 𝜀 at the inlet are given. And 𝑣 at the inlet is 0; 
 
       𝑣 = 0 .                                                                                                              (2.11) 
 
(2) outet 
The gradients of the flow field variables at the outlet are 0; 
 












= 0 .                                                                             (2.12) 
 
(3) wall 
The fluid velocity on the wall is 0;  
 
       𝑢 = 𝑣 = 0 .                                                                                                     (2.13) 
 
(4) centreline 
For the boundary conditions at the centreline, the gradients of the flow field variables in 
the radius direction is 0, and the fluid velocity in the radius direction is 0; 
 









= 0 ,                                                                                        (2.14) 
 
𝑣 = 0 .                                                                                                              (2.15) 
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2.2.2 Equations of computing blood species concentrations 
The seven blood species used for modelling thrombus formation are: (1) resting platelet 
(RP), (2) activated platelet (AP), (3) platelet-released agonist (apr), (4) platelet-synthesized 
agonist (aps), (5) prothrombin (PT), (6) thrombin (T), and (7) antithrombin III (AT). The species 
of adenosine diphosphate is the platelet-released agonist, which is stored in the dense granules. 
The species of thromboxane A2 is the platelet-synthesized agonist, which is synthesized 
enzymatically by the activated platelet. Platelet-released agonist, platelet-synthesized agonist, 
and thrombin are the three agonists in platelet activation. The model of thrombus formation 
developed by Sorensen et al. is described by a set of convection-diffusion-reaction equations 
(46); 
 
   
∂[𝑅𝑃]
∂𝑡
+ 𝐝𝐢𝐯(𝒖 [𝑅𝑃]) = 𝐝𝐢𝐯(𝐷𝑅𝑃 𝐠𝐫𝐚𝐝[𝑅𝑃]) − 𝑘pa [𝑅𝑃] ,                                               (2.16) 
                                                     
   
∂[𝐴𝑃]
∂𝑡
+ 𝐝𝐢𝐯(𝒖 [𝐴𝑃]) = 𝐝𝐢𝐯(𝐷𝐴𝑃 𝐠𝐫𝐚𝐝[𝐴𝑃]) + 𝑘pa [𝑅𝑃] ,                                               (2.17) 




+ 𝐝𝐢𝐯(𝒖 [𝑎𝑝𝑟]) = 𝐝𝐢𝐯(𝐷𝑎𝑝𝑟 𝐠𝐫𝐚𝐝[𝑎𝑝𝑟]) + 𝜆𝑎𝑝𝑟 𝑘pa [𝑅𝑃] − 𝑘𝑎𝑝𝑟  [𝑎𝑝𝑟] ,
           (2.18) 
                        
∂[𝑎𝑝𝑠]
∂𝑡
+ 𝐝𝐢𝐯(𝒖 [𝑎𝑝𝑠])  = 𝐝𝐢𝐯(𝐷𝑎𝑝𝑠 𝐠𝐫𝐚𝐝[𝑎𝑝𝑠]) + 𝑠p,𝑎𝑝𝑠 [𝐴𝑃] − 𝑘𝑎𝑝𝑠 [𝑎𝑝𝑠] ,                 (2.19) 




+ 𝐝𝐢𝐯(𝒖 [𝑃𝑇])  = 𝐝𝐢𝐯(𝐷𝑃𝑇 𝐠𝐫𝐚𝐝[𝑃𝑇]) − 𝛽 [𝑃𝑇] (𝜑at [𝐴𝑃] + 𝜑rt [𝑅𝑃]) ,         (2.20) 
                   
        
∂[𝑇]
∂𝑡
+ 𝐝𝐢𝐯(𝒖 [𝑇]) = 𝐝𝐢𝐯(𝐷𝑇  𝐠𝐫𝐚𝐝[𝑇]) − 𝛤 [𝑇] + [𝑃𝑇] (𝜑at [𝐴𝑃] + 𝜑rt [𝑅𝑃]) ,   (2.21) 
                  
   
𝜕[𝐴𝑇]
𝜕𝑡
+ 𝐝𝐢𝐯(𝒖 [𝐴𝑇]) = 𝐝𝐢𝐯(𝐷𝐴𝑇 𝐠𝐫𝐚𝐝[𝐴𝑇]) − 𝛤 𝛽 [𝑇] ,                                                  (2.22) 
 
where [𝑅𝑃] , [𝐴𝑃] , [𝑎𝑝𝑟] , [𝑎𝑝𝑠] , [𝑃𝑇] , [𝑇] , and [𝐴𝑇]  are the concentrations of the 
corresponding blood species, 𝐝𝐢𝐯 is the divergence operator, 𝐠𝐫𝐚𝐝 is the gradient operator, 𝒖 
is the fluid velocity, 𝐷𝑅𝑃, 𝐷𝐴𝑃, 𝐷𝑎𝑝𝑟, 𝐷𝑎𝑝𝑠, 𝐷𝑃𝑇, 𝐷𝑇, and 𝐷𝐴𝑇 are the diffusivities of the seven 
blood species. Table 2.1 shows the initial concentrations and diffusivities of blood species. In 
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the model equations, 𝑘pa is the reaction rate of platelet activation, 𝑠p,𝑎𝑝𝑠 is the rate of synthesis 
of the platelet-released agonist by platelets, 𝑘𝑎𝑝𝑟 and 𝑘𝑎𝑝𝑠 are the reaction rate constants for 
the inhibition of the agonists of platelet-released agonist and platelet-synthesized agonist, 𝜆𝑎𝑝𝑟 
is the amount of platelet-released agonist released per platelet, 𝜑rt and 𝜑at are the generation 
rates of thrombin from prothrombin on resting platelets and activated platelets, and 𝛽 is a 
conversion factor to convert thrombin concentration from U/ml to μM. Equations (2.16) and 
(2.17) are used for the transformation of resting platelet into activated platelet. Equations (2.18) 
and (2.19) are used for the generation of platelet-released agonist, and platelet-synthesized 
agonist. 𝜆𝑎𝑝𝑟 𝑘pa [𝑅𝑃] is the rate at which platelet-released agonists are generated from the 
newly activated platelets. Equations (2.20) and (2.21) are used for the transformation of 
prothrombin into thrombin. And the transformation is inhibited by antithrombin III. 𝛤 is the 
reaction model for the heparin-catalyzed inactivation of thrombin by antithrombin III. For the 
detail definition and explanations of 𝛤, the reader is referred to (46). 
 
Figure 2.1 shows the chemical reactions between the seven blood species in thrombus 
formation. Resting platelets become activated platelets due to the stimulation of platelet-
released agonist, platelet-synthesized agonist, and thrombin. Thrombin is generated from 
prothrombin, but is inhibited by antithrombin III. Platelet-released agonist is released from 
activated platelet. And platelet-synthesized agonist is synthesized by activated platelet. The 
generation of platelet-released agonist and the generation of platelet-synthesized agonist are 
inhibited when the agonist concentrations increase. 
 
2.2.3 Reaction rate of platelet activation 
In Equations (2.16) and (2.17), 𝑘pa [𝑅𝑃]  is the rate of the “consumption” of resting 
platelets and the “generation” of activated platelets. 𝑘pa is defined to be; 
 
Table 2.1 Parameter values in the transport equations. 
Blood species Laminar diffusivities 𝐷b,𝑖 (cm
2/s) Initial concentrations 
Resting platelet 1.58×10-9 2.0×108 1/ml 
Activated platelet 1.58×10-9   0 1/ml 
Platelet-released agonist 2.57×10-6   0 μM 
Platelet-synthesized agonist 2.14×10-6   0 μM 
Prothrombin 3.32×10-7 1.1 μM 
Thrombin 4.16×10-7 0 U 























𝛺 ≥ 1.0 
,
                                                                (2.23) 
 













                                                 (2.24) 
                                                                                                                
In Equation (2.23), 𝑡act is the “characteristic” time for platelet activation. 𝑘pa can be adjusted 
by scaling 𝑡act. In Equation (2.24), [𝑎𝑝𝑟]th, [𝑎𝑝𝑠]th, and 
[𝑇]th are the threshold concentrations 
of platelet-released agonist, platelet-synthesized agonist, and thrombin for platelet activation. 
Table 2.2 shows the values of parameters related to the source terms. 
 
The reaction rate of platelet activation 𝑘pa in the Sorensen's original model is a function 
of agonist concentrations. But it is widely acknowledged that the shear rate can also induce 
platelet activation (47, 48). The effect of shear rate should be incorporated in the definition of 













Table 2.2 Values of parameters related to the source terms. 
Parameter Value Units 
[𝑎𝑝𝑟]th
 2 μM 
[𝑎𝑝𝑠]th





𝑠p,𝑎𝑝𝑠    9.5×10
-12 nmol PLT-1 s-1 
𝑡act 1 s 
[𝑇]th 0.1 U/ml 
𝛽 9.11×10-3 Nmol/U 








 𝛷 ,                                                                                     (2.25) 
 
where 𝛷 is the activation function due to shear rate; 
                                                                                                               
𝛷 = {
0 , ?̇? < ?̇?th ,
1 , ?̇? ≥ ?̇?th ,
                                                                        (2.26) 
                                                                                                            
where ?̇?  is the shear rate in the flow field, and ?̇?th  is the threshold shear rate for platelet 
activation. In the new definition, reaction rate of platelet activation 𝑘pa increases linearly with 
agonist concentrations if the shear rate is larger than the threshold shear rate. If the shear rate 
is smaller than the threshold shear rate, platelet activation will not occur. According to the 
previous experimental results, ?̇?th is set to be 500 1/s (25, 26). 
 
2.2.4 Model of platelet deposition on the wall 
Platelet deposition on the wall is modelled by surface-flux boundary conditions. The 
surface-flux boundary conditions can also be used to compute the “consumption” of platelets 
in the flow field due to platelet deposition. The surface-flux boundary condition for resting 
platelets is; 
 




where 𝑘rs  is the reaction rate constant that governs the rate of adhesion between resting 
platelets and the surface, and 𝑠 is the position on the wall in the axis direction. The surface-
flux boundary condition for activated platelets is; 
 
𝐽a(𝑠, 𝑡) = (𝑊(𝑠, 𝑡) 𝑘as +
𝑀as(𝑠, 𝑡)
𝑀∞
 𝑘aa) [𝐴𝑃] ,                                 (2.28) 
 





where 𝑘aa and 𝑘as are the reaction rate constants that govern the rates of adhesion between 
depositing and surface-bound activated platelets, activated platelets and the surface, 𝑀as(𝑠, 𝑡) 
is the activated platelet deposition, and 𝑀∞ is the capacity of the surface for platelets. The first 
term of Equation (2.28) is the portion for computing the adhesion of activated platelets on the 
wall, and the second term is the portion for computing the adhesion between the activated 
platelets in the fluid and the activated platelets already fixed on the wall. The coefficient 
𝑀as(𝑠, 𝑡)/𝑀∞ can be understood that when more activated platelets deposit on the wall, more 
activated platelets can adhere to the deposited activated platelets. In Equations (2.27)-(2.31), 
𝑘as, 𝑘rs, and 𝑀∞ are surface-dependent variables. The values of 𝑘as, 𝑘rs, and 𝑀∞ in (49) are 
followed in this chapter. Table 2.3 shows the parameter values in the surface-flux boundary 
conditions. 
 
𝑊(𝑠, 𝑡) is the percentage of the wall not been occupied by deposited platelets; 
 
𝑊(𝑠, 𝑡) = 1 −
𝑀(𝑠, 𝑡)
𝑀∞
 ,                                                                             (2.30) 
 






Table 2.3 Parameter values in the surface-flux boundary conditions (46). 











where 𝑀(𝑠, 𝑡) is the resting and activated platelet deposition. When 𝑀(𝑠, 𝑡) increases, the 
fraction of the surface available for platelet-surface adhesion 𝑊(𝑠, 𝑡) decreases. The first term 
of Equation (2.31) is the portion for computing resting platelet-surface adhesion, and the 
second term is the portion for computing activated platelet-surface adhesion. Resting platelet-
surface adhesion is also taken into account because resting platelets also occupy the wall. 
 
2.2.5 Diffusivities of blood species in the transport equations 
Diffusivity is a rate of diffusion, the rate at which particles can spread. Laminar diffusion 
is caused by random molecular motion that leads to complete mixing (50). Random molecular 
motions were first observed in pollen grains by Brown. The “Brownian” motion arises neither 
from currents in the fluid, nor from gradual evaporation, but from the particles themselves. In 
physical origin, diffusion in turbulent flows is completely different from diffusion in laminar 
flows. Turbulent diffusion is a consequence of turbulent fluctuations in velocity and 
concentration. The coupling between these fluctuations is the cause of turbulent diffusion. 
Turbulent diffusion is much faster than the laminar diffusion. 
 
Table 2.1 shows the laminar diffusivities of the seven blood species. When the flow is 
turbulent flow, the diffusivity includes laminar diffusivity and turbulent diffusivity; 
 
𝐷𝑖 = 𝐷b,𝑖 + 𝐾 ,                                                                                 (2.32) 
 
where 𝐷𝑖 is the diffusivity of 𝑖th species, 𝐷b,𝑖 is the laminar diffusivity of 𝑖th species, and 𝐾 is 
turbulent diffusivity. Turbulent Schmidt number, 𝑆𝑐t, is used to define turbulent diffusivity. 





 ,                                                                                            (2.33) 
 
where 𝜈t  is turbulent viscosity. Gualtieri et al. (51) reviewed the literature on the 
parameterization of the turbulent Schmidt number in water system. Table 2.4 shows the values 
of 𝑆𝑐t. The 𝑆𝑐t values are suggested to be 0.6, 0.7, 1, and 1.3. In this chapter, 𝑆𝑐t is assumed 
to be 1. 
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Table 2.4 Parameterization of turbulent Schmidt number (51). 
Authors Values of 𝑆𝑐t 
Djordjevic (52) 1 
Rauen et al. (53) 1 
Oliver et al. (54) 0.6 
Hsu and Liu (55) 0.7 
Huang et al. (56) 1.3 




2.3 Method and computational objects 
 
2.3.1 Discretization of the model equations by finite difference method 
Finite difference method is used to solve the Equations (2.1)-(2.31). FDM is a dominant 
approach of numerical solutions. By FDM, differential equations are transformed to algebra 
equations with the following steps (58): 
(1)   grid generation - discretizing a whole domain to a series of grid points; 
(2) finite difference approximation - transforming from the partial differential equations to 
algebra equations; 
(3) solvement of algebra equations - finally, solving algebra equations to obtain the solutions 
of the partial differential equations. 
Figure 2.2 shows the schematic of the mesh of the computational domain. P is one of the grid 










𝑛} , (2.34) 
 
where 𝑛 is the time index, Δ𝑡 is the time step, 𝒖P
𝑛 is the fluid velocity at the point P in 𝑛th time 
iteration, 𝑘pa,P
𝑛  is the reaction rate of platelet activation at the point P, [𝑅𝑃]P
𝑛  is the resting 
platelet concentration at the point P, [𝐴𝑃]P
𝑛 is the activated platelet concentration at the point 
P, and 𝐷𝐴𝑃,P
𝑛  is the diffusivity of activated platelet at the point P. 
 
2.3.2 Computational objects, boundary conditions, and initial conditions 
The computational objects are orifice flows because they have simple geometries and the 
characteristics of separation and reattachment as seen in blood pumps. Two orifice 
configurations (A and B) are shown in Figure 2.3. And each configuration has a two-flow 
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direction (F, forward; B, backward). Totally, there are four orifice geometries (AB, AF, BB, 
and BF). Figure 2.4 shows the computational region of AB orifice flow. The length of the 
computational region is about 20 cm, and the radius is 1.1 cm. Figure 2.5 shows the mesh of 
AB orifice computational region. There are 201×51 mesh points in the computational region. 



































The flow field is computed when the inlet flow rate, 𝑄, is 5 L/min. The Reynolds number 
𝑅𝑒 is 5300, and the average inlet velocity, 𝑈in, is 21.9 cm/s. The outlet static pressure is 0 Pa. 
The wall boundary condition is non-slip. 
 
For the initial conditions in computing the transport of blood species, the concentrations 
of the seven blood species are set before the orifice contraction. The concentrations are not 
uniformly set in the whole computational region to clearly show the transport process of blood 
species. The initial concentrations of all the blood species are the same as the concentrations 
in the human blood. Table 2.1 shows the initial concentrations of the blood species. And cyclic 
boundary condition is used. The cyclic boundary condition means that the blood species 
reaching the outlet are moved to the corresponding positions at the inlet. 
 
2.4 Results and discussions 
 
2.4.1 Flow field 
Figure 2.6 shows the streamline on AB, AF, BB, and BF orifice flows when 𝑅𝑒 is 5300. 
Recirculation area and reattachment point are found after the orifice contractions. Figure 2.7 
shows the distributions of shear rate on the four orifice flows when 𝑅𝑒 is 5300. It is found that 
the shear rate around the orifice contractions is high. The shear rate in front of the orifice 
contraction on AB orifice flow is higher than AF orifice flow. The shear rate in front of the 
orifice contraction on BB orifice flow is higher than BF orifice flow. Figure 2.8 shows the 
distributions of turbulent viscosity on AB, AF, BB, and BF orifice flows when 𝑅𝑒 is 5300. It 
is found that for all the four orifice flows, the turbulent viscosity is high at the place after the 
orifice contraction with the distance of 1.7-2.5 times of orifice diameter. The turbulent viscosity 
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2.4.2 Transport process of blood species when Reynolds number is 5300 
Figure 2.9 shows the distributions of concentrations of resting platelet, activated platelet, 
platelet-released agonist, platelet-synthesized agonist, prothrombin, thrombin, and 
antithrombin III at 0, 0.5, 1, 1.5, and 2 s when 𝑅𝑒 is 5300 in the case of laminar diffusivities. 
Figure 2.10 shows the distributions in the case of turbulent diffusivities. It is found that the 
chemical reactions between the blood species occur. For resting platelet, prothrombin, and 
antithrombin III, concentrations decrease with time. For activated platelet, platelet-released 
agonist, platelet-synthesized agonist, and thrombin, concentrations increase with time. Blood 
species concentrations are found to be high around the reattachment point. It is also found that 
the activated platelets first move to the reattachment point, and then move to other places on 
the wall. Reattachment point is predicted to be the place of initial thrombus formation. 
Compared with the distributions of blood species concentrations in the case of laminar 
diffusivities, the distributions are more uniform in the case of turbulent diffusivities. This is 
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Figure 2.9 Distributions of blood species concentrations from 0 to 2 s 
 (𝑅𝑒 = 5300, laminar diffusivities). 
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Figure 2.10 Distributions of blood species concentrations from 0 to 0.4 s 
 (𝑅𝑒 = 5300, turbulent diffusivities). 
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2.4.3 Effect of Reynolds number on the transport process 
The equations of computing blood species concentrations are coupled with the equations 
of fluid motion. In order to investigate the effect of Reynolds number on platelet deposition, 
the transports of blood species are computed with sixteen values of 𝑅𝑒 from 3180 to 30740. 
Table 2.6 shows the inlet boundary condition of computing the flow field when 𝑅𝑒 is from 
3180 to 30740. Figure 2.11 shows the streamline on AB orifice flow when 𝑅𝑒 is 3180, 10820, 
and 30740. The difference of the scale of the recirculation area is small between these cases. 
Figure 2.12 shows the distributions of shear rate on AB orifice flow in the three cases. It is 




Table 2.6 Inlet boundary conditions in computing the flow field 
when 𝑅𝑒 is from 3180 to 30740. 
Reynolds 
number 𝑅𝑒 
Inlet flow rate 
𝑄 (L/ml) 
Average inlet velocity 
𝑈in (cm/s) 
3180 3 13.1 
5300 5 21.9 
7420 7 30.7 
10820 10.2 44.7 















  (c) 𝑅𝑒 = 30740 























  (c) 𝑅𝑒 = 30740 
Figure 2.12 Distributions of shear rate on AB orifice flow 




The integration of activated platelet deposition on the wall, 𝐷𝑒𝑝𝐴𝑃(𝑡), is; 
 
𝐷𝑒𝑝𝐴𝑃(𝑡) = ∫𝑀as(𝑠, 𝑡)d𝐴 ,                                                                                  
𝐴
 





where 𝐴 is the area of the wall of orifice flows, 𝑅 is the orifice radius, and 𝑀as(𝑠, 𝑡) is the 
activated platelet deposition. Figure 2.13 shows the time history of the integrations of activated 
platelet deposition of AB, AF, BB, and BF orifices when laminar diffusivities are used. Figure 
2.14 shows the time history of the integrations of the four orifices when turbulent diffusivities 
are used. Figures 2.13(a), (b), (c), and (d) show the time history when 𝑅𝑒 is 3180, 5300, 10820, 
and 12720. Figures 2.14(a), (b), (c), and (d) show the time history when 𝑅𝑒 is the same as 
Figure 2.13. It is found that when 𝑅𝑒 increases, the integration of activated platelet deposition 
increases. Comparing Figure 2.13 and Figure 2.14, it is found that when 𝑅𝑒  is same, the 
integrations of activated platelet deposition in the cases of turbulent diffusivities are lower than 
the integrations in the cases of laminar diffusivities. The deposition rate, 𝑅dep, is defined to be 







 .                                                                   (2.36) 
 
100 300 500 700
1/s 100 300 500 700 100 300 500 700
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Figures 2.15(a), (b), (c), and (d) show the relationship between Reynolds number and the 
deposition rate on AB, AF, BB, and BF orifice flows when laminar diffusivities are used. 
Figures 2.16(a), (b), (c), and (d) show the relationship when turbulent diffusivities are used. 
For all the cases, it is found that when 𝑅𝑒 increases, the deposition rate first increases, then 
decreases to a small extent. 
 
Figure 2.17(a) shows the relationship between the Reynolds number and the deposition 
rate on the four orifice flows when laminar diffusivities are used. Figure 2.17(b) shows the 
relationship between the Reynolds number and the deposition rate when turbulent diffusivities 
are used. It is found that when 𝑅𝑒  is same, the deposition rates in the cases of laminar 
diffusivities are higher than the deposition rates in the cases of turbulent diffusivities. Figure 
2.18 shows the distributions of activated platelet concentration on the wall of AB orifice flow 
at 2 s in both cases. It is found that when laminar diffusivities are used, the activated platelet 
concentration is higher than the concentration when turbulent diffusivities are used. Because 
of the higher activated platelet concentration, the deposition rate should be higher when laminar 
diffusivities are used. However, from Figure 2.9 and Figure 2.10, the distribution of activated 
platelet concentration in the case of laminar diffusivities is not as uniform as the distribution 
in the case of turbulent diffusivities. It is considered that the computational accuracy is higher 























































































































































































































(c) 𝑅𝑒 = 10820                                                             (d) 𝑅𝑒 = 12720 
        Figure 2.13 Time history of the integrations of activated platelet deposition on the wall 













































































































































































































(c) 𝑅𝑒 = 10820                                              (d) 𝑅𝑒 = 12720 
                Figure 2.14 Time history of the integrations of activated platelet deposition on the wall 
































































































Reynolds number, Re  




























































































Reynolds number, Re  
(c) BB orifice                                                              (d) BF orifice 
  Figure 2.15 Relationship between Reynolds number and deposition rate 



































































































































































































(c) BB orifice                                                              (d) BF orifice 
Figure 2.16 Relationship between Reynolds number and deposition rate 















































































































(a) laminar diffusivities                                                  (b) turbulent diffusivities 
Figure 2.17 Relationship between Reynolds number and the deposition rate 
















































Figure 2.18 Distributions of activated platelet concentration 





2.4.4 Comparison between the computational results and the experimental results 
In order to investigate the effect of orifice geometry on deposition rate, the deposition 
rates are compared between orifice geometries when 𝑅𝑒 is 5300. 𝑅𝑒 is chosen to be 5300 
because the corresponding inlet flow rate is 5 L/min, which is the blood flow rate in the human 
body (59). Figure 2.19 shows the deposition rates of the four orifices in the case of laminar 
diffusivities when 𝑅𝑒 is 5300. Figure 2.20 shows the deposition rates of the four orifices in the 
case of turbulent diffusivities when 𝑅𝑒  is 5300. In order for better comparison, relative 
Reattachment point 
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deposition rates, 𝑅r,dep, are used and defined to be the ratios of deposition rates of different 
orifices to the deposition rate of BB orifice. Figure 2.21(a) shows the relative deposition rates 
when laminar diffusivities are used. Figure 2.21(b) shows the relative deposition rates when 
turbulent diffusivities are used. When laminar diffusivities are used, the order of deposition 
rates from large to small is AB, BF, AF, BB. When turbulent diffusivities are used, the order 
of deposition rates from large to small is BF, AB, AF, BB. Thrombus formation in the blood 
plasma flow was visualized by laser sheet refraction (26). In the experiment, the thrombus 
formation area near the wall is the region where thrombus formation occurs. The thrombus 
formation rate is defined to be the initial time gradient of the thrombus formation area. In order 
for better comparison, the relative thrombus formation rates, 𝑇𝐹𝑅r,exp, are used and defined to 
be the ratios of the thrombus formation rates of different orifices to the thrombus formation 
rate of BB orifice. Figure 2.21(c) shows the relative thrombus formation rates of the four 
orifices. The order of the relative thrombus formation rates from large to small is AB, AF, BB, 
BF. 
 
The thrombus formation rate of BF orifice in the experiment is the lowest (26). However, 
the deposition rates of BF orifice are high in both cases of laminar diffusivities and turbulent 
diffusivities. It is found from Figure 2.7 that the area of high shear rate (for example, the shear 
rate is higher than 500 1/s) on BF orifice flow is larger than the area on AF and BB orifice 
flows. According to Equation (2.27), platelet activation can occur in larger area when the area 
of high shear rate is larger. Thus there will be more activated platelets in the flow field, which 
are available to adhere to the wall. It is considered that the high shear rate of BF orifice in the 
simulation induces the high deposition rate. Except for BF orifice, the order of relative 
deposition rates and the order of relative thrombus formation rates from large to small are AB, 
AF, BB. In other words, the order of relative deposition rates of three in four orifices agrees 
with the experimental results. The turbulent viscosity on BF orifice flow at the orifice 
contraction is high. When turbulent viscosity is high, the interaction between activated platelets 
is strong. Due to the strong interaction, the activated platelets aggregate and become a cluster. 
The inertia of the cluster is higher than a single platelet. Due to the higher inertia, the cluster 
may flow with the main flow, and less activated platelets move to the wall. So that the thrombus 
formation rate of BF orifice is low in the experiment. Because platelet aggregation can’t be 
simulated by FDM, the deposition rate of BF orifice is high. It is considered that the deposition 
rate of BF orifice may decrease in the simulation by particle methods. When the deposition 
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rate of BF orifice decreases, the computational results may agree with the experimental results. 
It is considered that particle methods should be used for simulating platelet aggregation to 











































AB AF BB BF  
Figure 2.19 Deposition rates of AB, AF, BB, and BF orifices 













































Figure 2.20 Deposition rates of AB, AF, BB, and BF orifices 
(𝑅𝑒 = 5300, turbulent diffusivities). 
 
 






















































































(a) relative deposition rates                                         (b) relative deposition rates 















(c) relative thrombus formation rates 
(experiment) (26) 
Figure 2.21 Relative deposition rates of activated platelets in the simulation  
and relative thrombus formation rates in the experiment 




In this chapter, FDM was used to simulate the phenomena of platelet transport, platelet 
activation, and platelet deposition in thrombus formation on four orifice flows. The Sorensen’s 
original model of reaction rate of platelet activation was a function of agonist concentrations. 
The reaction rate was modified by taking the effect of shear rate into account. This model was 
proposed to emphasize platelet activation due to shear rate. By using the original model, 
platelet activation can’t be computed. By using the modified model, platelet activation during 
platelet transport can be computed. The activated platelets first move to the reattachment point, 










































place of initial thrombus formation. When laminar diffusivities are used, the deposition rate is 
higher than the deposition rate when turbulent diffusivities are used. By considering the 
physical nature of turbulent flow, turbulent diffusivities should be used in the computation of 
the transport of blood species. When the Reynolds number increases, the deposition rate first 
increases, and then decreases to a small extent. The order of deposition rates of three in four 
orifice geometries agrees with the experimental results. To improve the accuracy, particle 


































In the previous chapter, platelet transport, platelet activation, and platelet deposition were 
simulated by a set of convection-diffusion-reaction equations. However, the computational 
results in FDM didn’t agree with the experiment results well because FDM can't simulate the 
particle behaviour of platelet aggregation. Platelets can adhere to the vessel wall as well as to 
each other. The motion, collision, adhesion, and aggregation of activated platelets are the 
mechanical events of platelet-mediated thrombus formation (36). The mechanical events are 
governed by external forces and by internal interaction forces with neighboring platelets, 
plasma, and other blood constituents. In this chapter, platelet aggregation on orifice flows is 
simulated by dissipative particle dynamics (DPD). Virtual particle model is proposed to reduce 
the particle number. The model equations in DPD mainly include three groups of equations: 
equations of fluid motion, equations of particle motion, and equations of virtual particle model.  
 
In this chapter, virtual particle model is designed to reduce the particle number. To 
investigate the computational accuracy of the virtual particle model, probability distribution 
functions, which are the numbers of platelet aggregation on the wall divided by the particle 
numbers, are computed in the cases of different numbers of virtual particles. The place of initial 
thrombus formation is predicted by investigating the place of high probability distribution 
function. The aggregation rate, which is the initial time gradient of the number of platelet 
aggregation on the wall, is computed. The aggregation rates of different orifice geometries are 
compared with the thrombus formation rates in the previous experiment. 
 
3.2 Concept and model equations  
 
3.2.1 Equations of fluid motion 
The equations of fluid motion contain continuum equation and Navier-Stokes equations; 
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∆(𝑿 − 𝑿𝑘) ,
                                                                       (3.3) 
 
 ∆(𝑿 − 𝑿𝑘) = (2𝜋𝜎PLT












,                                                                                                 
 (3.5) 
 
where 𝒖 is the fluid velocity, 𝑿 is the position in the flow field, 𝑭 is the coupling force between 
fluid and platelets, 𝑭𝑘 is the force exerted on 𝑘th particle, 𝑎 is platelet radius, 𝜌 is the density of 
the fluid, and 𝑁T is the total number of platelets. When the Reynolds number of the flow is high, 
the coupling force 𝑭 in Equation (3.2) can be ignored. 
 
3.2.2 Equations of particle motion 
The governing equation of DPD is Newton equation (37). In the model, the velocity of 
𝑘th particle, 𝑽𝑘, is obtained from a local, volume-averaged fluid velocity; 




= ∫𝒖∆(𝑿 − 𝑿𝑘)d𝒙 .                                                         (3.6) 
                                                                













                                  (3.7) 
 
where 𝜌PLT  is the density of platelets. The first term of Equation (3.7) is the portion for 
computing the interaction force between platelets and the fluid, and the second term is the 
portion for computing the interaction force between platelets. The relationship between the 
positions of 𝑘th and 𝑙th particles and the relative position is; 
 
                                            𝑿𝑙 = 𝑿𝑘 + 𝒓𝑘𝑙 ,                                                                                       (3.8) 
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where 𝑿𝑘 and 𝑿𝑙 are the positions of 𝑘th and 𝑙th particles, and 𝒓𝑘𝑙 is the relative position from 
𝑘th to 𝑙th particle. 𝒇inter,𝑘𝑙 is the interaction force between 𝑘th and 𝑙th particles. 𝑓inter,𝑘𝑙 is a 
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where 𝛼 is the force coefficient, 𝐿1, 𝐿2, 𝐿3, and 𝐿4 are parameters controlling the force ranges, 
𝑟𝑘𝑙 is equal to |𝒓𝑘𝑙|. 𝒇inter,𝑘𝑙 is directed along the normal to the wall or the vector connecting 
the centers of particles. In this chapter, particles mean activated platelets. The interaction force 
term 𝒇inter,𝑘𝑙 includes: 
(a) a repulsive force when the activated platelet is approaching and has come within a specific 
distance to another activated platelet or the wall surface, 
(b) zero, when platelet distance is within a finite value to permit the loose packing of aggregated 
activated platelets, 
(c) an attractive force, when platelet distance becomes longer, but still within the radius of 
influence. 
Figure 3.1(a) shows the schematic of the interaction force. When activated platelets get close, 
activated platelets interact with the surrounding activated platelets. Figure 3.1(b) shows the 
definition of the interaction force. When 𝑓inter,𝑘𝑙 is positive, the force is attractive force; when 
the value is negative, the force is a repulsive force. Table 3.1 shows the parameter values in 




             
                       (a) schematic                                            (b) definition 




Table 3.1 Parameter values in DPD model. 
Parameter Value Units 
𝑎 1.5×10-4 cm 
𝛼 4.0×10-9 N 
𝜌 1000 kg/cm 




3.2.3 Virtual particle model 
Platelet number in case of the size of the computational region is 7.5×106 when the 
corresponding platelet concentration is 2.0×108 1/ml. Vast computational time is needed when 
the particle number is high. In order to reduce the vast computational time, virtual particle 
model is developed to reduce the platelet number. Its main concept is that one virtual particle 
represents a group of platelets. Platelets in the flow field are divided into groups, and platelets 
in one group are modeled as one virtual particle. Figure 3.2 shows the schematic of the virtual 
particle model. In the figure, the small circles are platelets. 𝑁P is the number of platelets in one 
virtual particle. 𝑁VT is the number of virtual particles. The number of platelets in one virtual 
particle 𝑁P multiplied by the number of virtual particles 𝑁VT is kept to be constant; 
 
NT = NP NVT ,                                                                                   (3.10) 
 
where 𝑁T is the total number of platelets. When the number of platelets in one virtual particle 
increases, the number of virtual particles decreases. The relationship between the radius of 
















3  𝑎 .                                                                                    (3.11) 
 
Figure 3.3 shows schematic of initial platelet distance 𝑑 and the effective force range 𝑟eff . The 





 𝑑 .                                                                                          (3.12) 
 
In the human blood, the distance between platelets is 15.8 μm, the effective force range is 5.3 
μm. The ratio of 𝑟eff to 𝑑 is 1/3. To make the ratio in the virtual particle model same as the 


















           Figure 3.3 Schematic of initial platelet distance 𝑑 








𝑁VT: number of 
virtual particles










3.3 Methods and computational objects 
 
3.3.1 Integration of DPD equations 
Figure 3.4 shows the computation of particle motion at 𝑛 th time step. ∆𝑿𝑘
𝑛  is the 
displacement of 𝑘th particle at 𝑛th time step, 𝑿𝑘
𝑛 is the position of 𝑘th particle at 𝑛th time step, 
𝑽𝑘
𝑛 is the velocity of 𝑘th particle at 𝑛th time step, and 𝑭𝑘
𝑛 is the force exerted on 𝑘th particle at 
𝑛th time step. In the numerical computation of DPD, computing velocity, computing force, and 
computing particle displacement are the three iteration steps. Step 1 is computing 𝑽𝑘
𝑛  by 
Equation (3.1), and Step 2 is computing 𝑭𝑘













                                                                       (3.13) 
 
In Equation (3.13), 𝑚𝑘 is the mass of 𝑘th particle, and ∆𝑡 is the time step. The DPD simulation 
protocol is concluded as follows: 
(i)    Computing the flow field, 
(ii)   Setting the initial position of particles on the flow field, 
(iii)  Iterating Step 1, Step 2, and Step 3 to compute velocity, force, and positions of particles, 
(iv)  Repeating (iii) until the final time. 
 
3.3.2 Parallel computation by OpenMP 
Open Multi-Processing (OpenMP), one of the parallelization methods, provides 
programmers a simple and flexible interface for developing parallel applications. First released 










in 1997, OpenMP is an implementation of multithreading, with the runtime environment 
allocating threads to different processors (60-62). The programmers only need to simply add 
directives to the sequential version. The lower requirement makes OpenMP more convenient 
than MPI. 
 
Figure 3.5(a) shows the serial code, and Figure 3.5(b) shows the parallelization of the 
serial code. Library routine, parallel statement, and parallelization of do loop are added to the 
serial code to parallelize the serial code. The library routine includes external procedures which 
can be used for directed parallel decomposition, and parallel statement is used to declare the 
part that will be parallelized. The CPU time is tested by using call cpu_time.  
 
3.3.3 Discrimination of platelet’s status 
When platelets aggregate with other platelets, clusters form. If there is a method by which 
platelets in the clusters can be discriminated, the number of platelets in the cluster and the 





















(a) serial code                                              (b) parallel code 












PROGRAM DPD PROGRAM DPD




c$omp parallel                //parallel statement
c$omp do                        //parallelization of   











The concept of the method of discriminate platelet’s status is giving platelets in one cluster 
the same group ID. If platelets aggregate and become one cluster, the platelets in the cluster 
are given the same group ID. If other platelets aggregate and become another cluster, the 
platelets in the cluster are given another group ID. The group IDs of platelets in different 
clusters are different. By recognizing the same group ID, platelets in one cluster can be 
discriminated. 
 
Figure 3.6 shows the algorithm of the computation of the group IDs. In the computation 
of the group IDs at the 𝑛th time step, first is setting the transient group IDs of all platelets to 
be the start group ID. When one platelet in a cluster interacts with one platelet in another cluster, 
compare the group IDs of the platelets in the two clusters, and set the group IDs of the platelets 
in the cluster with the smaller group ID to be the larger group ID. If the computation of group 
IDs according to the interaction between all two platelets finishes, set the group IDs of all the 
platelets to be the transient group IDs. Then the group IDs of platelets at 𝑛th time step can be 
obtained. And the computation of group IDs repeats till the required time. 
 
During platelet motion, some platelets aggregate with other platelets, and become clusters. 
The newly aggregated platelets are the platelets that aggregate at the 𝑛th time step, and the 
platelets that aggregated in the previous time steps are not the newly aggregated platelets. If 
the group IDs of 𝑖th and 𝑗th platelets at the (𝑛-1)th time step are not the same, and the group 
IDs of 𝑖th and 𝑗th platelets at the 𝑛th time step are the same, two platelet clusters aggregate, or 
one single platelet aggregates with one platelet cluster. 
 
During platelet motion, some platelets separate from the platelet clusters. The newly 
separated platelets are the platelets that separate at 𝑛th time step, and the platelets that separated 
in the previous time steps are not the newly separated platelets. If the group IDs of 𝑖th and 𝑗th 
platelets at (𝑛-1)th time step are the same, and the group IDs of 𝑖th and 𝑗th platelets at 𝑛th time 
step are not the same, one big platelet cluster separates into two small clusters, or one small 








Figure 3.6 Algorithm of the computation of the group IDs. 
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3.3.4 Computational objects, boundary conditions, and initial conditions 
The computational objects are orifice flows. The equations of fluid motion and boundary 
conditions are the same as Chapter 2. When the inlet flow rate is 5 L/min, the Reynolds number 
𝑅𝑒 is 5300, and the average inlet velocity 𝑈in is 21.9 cm/s. The outlet static pressure is 0 Pa. 
The wall boundary condition is non-slip. 
 
For the initial conditions, activated platelets are uniformly set in the flow field. And cyclic 
boundary condition is used. The cyclic boundary condition means that activated platelets 
reaching the outlet are moved to the corresponding positions of the inlet. Once one activated 
platelet reaches the wall, its velocity is set to be 0. 
 
3.4 Results and discussions 
 
3.4.1 Physical phenomena 
 
3.4.1.1 Platelet motion and aggregation on AB orifice flow in cases of different numbers 
of virtual particles 
In this chapter, the number of virtual particles is 400, 2500, 5000, 10000, 12000, 15000, 
21000, and 33000. Table 3.2 shows parameter values in the virtual particle model in these cases 
and when platelet number is 7.5×106. Table 3.3 shows the parameter values of L1, L2, L3, and 
L4 in these cases. When 𝑁VT is 5000, 𝑅VT is 58.08 μm; when platelet number is 7.5×10
6, 𝑅VT 
is 1.5 μm. When 𝑁VT is 5000, the particle number decreases by 1500 times. 
 
Figures 3.7, 3.8, and 3.9 show the distributions of activated platelets at 0 and 0.2 s when 
𝑁VT is 5000, 12000, and 33000. In the precomputation, the time step is 5.0×10
-6 s. It is found 
that during platelet motion, some platelets aggregate with other platelets. And the aggregated 
particles are mainly distributed around the reattachment point at 0.2 s in the three cases. It is 
considered that the places where aggregated platelets mainly distribute can be predicted when 






Table 3.2 Parameters in the cases of different numbers of virtual particles. 
Casesa
a 
Number of virtual 
particles NVT 
Radius of virtual 
particles 𝑅VT (μm) 
Initial platelet 
distance 𝑑 (μm) 
Effective force 
range 𝑟eff (μm) 
#1 400 213.46 2750 962.5 
#2 2500 83.62 1000 350 
#3 5000 58.08 687.5 240.6 
#4 10000 43.25 500 175 
#5 12000 38.18 440 154 
#6 15000 34.16 392.9 137.5 
#7 21000 28.96 305.6 107 
#8 33000 22.93 261.9 91.67 




Table 3.3 Parameter values of L1, L2, L3, and L4 in the cases 
of different numbers of virtual particles. 
Casesa
a           










#1 400 183.3 275 458.3 641.7 
#2 2500 66.7 100 166.7 233.3 
#3 5000 45.8 68.8 114.6 160.4 
#4 10000 33.3 50 83.3 116.7 
#5 12000 29.3 44 73.3 102.7 
#6 15000 26.2 39.3 65.5 91.7 
#7 21000 20.4 30.6 50.9 71.3 
#8 33000 17.5 26.2 43.7 61.1 










Figure 3.7 Distributions of activated platelets 







(a) 0 s 










Figure 3.8 Distributions of activated platelets 










 Figure 3.9 Distributions of activated platelets 




3.4.1.2 Aggregation numbers of AB orifice in cases of different numbers of virtual  
particles 
Figure 3.10(a) shows the time history of the total numbers of aggregated activated 
platelets in the fluid of AB orifice, Nagg,fluid, when NVT is 400, 5000, 12000, and 33000. It is 
found that the aggregation numbers increase as time increases. When 𝑁VT  is higher, the 
aggregation number is also higher. In order to compare the aggregation numbers between the 
cases of different numbers of virtual particles, the relative aggregation number in the fluid, 
Nr,fluid, is used and defined to be; 
 
Nr,fluid = Nagg,fluid/NVT .                                                                       (3.14) 
 
Figure 3.10(b) shows the time history of the relative aggregation numbers in the fluid of AB 
orifice. It is found that the difference of the relative aggregation numbers between these cases 
is small, except for the case when NVT is 400. The relative aggregation numbers are about 0.1 
at 0.2 s. It means that 10% of the virtual particles aggregate in the fluid at 0.2 s.  
(a) 0 s 
(b) 0.2 s 
(a) 0 s 











































































































             (a) aggregation number                                        (b) relative aggregation number 
Figure 3.10 Aggregation number and relative aggregation number  
in the fluid (AB orifice). 
         
 
 
As platelet is the main composition of thrombus, the total number of aggregated activated 
platelets on the wall reflects the size of thrombus. Figure 3.11(a) shows the time history of the 
total numbers of aggregated activated platelets on the wall of AB orifice flow, 𝑁agg,wall, when 
𝑁VT is the same as Figure 3.10. It is found that as time increases, the aggregation numbers on 
the wall increase. The relative aggregation number on the wall, 𝑁r,wall, is defined to be; 
 
Nr,wall = Nagg,wall/NVT .                                                                        (3.15) 
 
Figure 3.11(b) shows time history of the relative aggregation numbers on the wall. The relative 
aggregation number on the wall is about 0.07 at 0.2 s. It means that 7% of the virtual particles 
aggregate on the wall. It is found that the difference of the relative aggregation numbers on the 
wall between different cases is small, except for the case when NVT is 400. When NVT is 400, 
the relative aggregation number on the wall is lower than the numbers in other cases. It is 
considered that the low number of virtual particles induces the low relative aggregation number. 
The small difference of the relative aggregation numbers in the fluid and on the wall means 
that the probabilities of platelet aggregation in the fluid and on the wall are almost the same 
although the numbers of virtual particles change. It means that the computational accuracy of 












          (a) aggregation number                                       (b) relative aggregation number 
Figure 3.11 Aggregation numbers and relative aggregation numbers 













Figure 3.12 Relative aggregation numbers in the fluid and  
on the wall till 12 s (AB orifice, 𝑁VT = 5000). 
 
Figure 3.12 shows the time history of the relative aggregation numbers in the fluid and on 
the wall of AB orifice flow till 12 s when NVT is 5000. It is found that as time increases, the 
relative numbers become convergent. As the aim of this thesis is to simulate the initial 





































































































































































3.4.1.3 Probability distribution functions of the number of platelet aggregation on the 
wall of AB orifice 
The numbers of platelet aggregation on the wall are computed when NVT is 2500, 5000, 
12000, and 33000. The probability distribution function of the number of platelet aggregation 





 ,                                                                          (3.16) 
 
where 𝑁𝑢𝑚(𝑠, ∆𝑠) is the number of platelet aggregation on the wall at the position 𝑠, ∆𝑠 is the 
spatial interval on the wall, which is set to be 0.2 cm. 
 
Figure 3.13 shows the distributions of the aggregation number on the wall 𝑁𝑢𝑚(𝑠, ∆𝑠) of 
AB orifice at 0.2 s when 𝑁VT  is 2500, 5000, 12000, and 33000. Figure 3.14 shows the 
probability distribution functions of the number of platelet aggregation on the wall 𝑃𝐷𝐹(𝑠, ∆𝑠). 
It is found that the aggregation numbers and probability distribution functions around the 
reattachment point are higher than the numbers and functions at other places. The difference 
of the probability distribution functions between these cases is small. It means that the 
distribution of probability distribution function on the wall can be computed when NVT is 5000. 
Figure 3.15 shows 𝑃𝐷𝐹(𝑠, ∆𝑠) of AB orifice at 0.05 s, 0.1 s, and 0.15 s. It is found that platelets 
first aggregate around the reattachment point. When the time increases, more platelets 





























































Figure 3.13 Distributions of the number of platelet aggregation on the wall 





































































Figure 3.14 Probability distribution functions of the number of platelet aggregation 













Figure 3.15 Probability distribution functions of the number of platelet aggregation 




3.4.1.4 Platelet motion and aggregation on AB, AF, BB, and BF orifice flows when the  
number of virtual particles is 5000 
Figures 3.16, 3.17, 3.18, and 3.19 show the distributions of activated platelets on the four 
orifice flows at 0 and 0.2 s when NVT is 5000. It is found that during activated platelet motion, 


























































probability distribution functions of the number of platelet aggregation on the wall of the four 
orifice flows when NVT is 5000. The probability distribution functions around the reattachment 











(b) 0.2 s 
Figure 3.16 Distributions of activated platelets 











(b) 0.2 s 
Figure 3.17 Distributions of activated platelets 












(b) 0.2 s 
Figure 3.18 Distributions of activated platelets 










(b) 0.2 s 
Figure 3.19 Distributions of activated platelets 





























































Figure 3.20 Probability distribution functions of the number of platelet aggregation 




3.4.1.5 Effect of Reynolds number on the number of platelet aggregation on the wall 
The equations of particle motion are coupled with the equations of fluid motion. In order 
to investigate the effect of Reynolds number on the number of platelet aggregation on the wall, 
platelet motion and aggregation are computed with sixteen values of 𝑅𝑒 from 3180 to 30740. 







 .                                                                  (3.17) 
 
Figure 3.21 shows the time history of the aggregation numbers on the wall of the four orifice 
flows. Figures 3.21(a), (b), (c), and (d) show the time history when 𝑅𝑒 is 3180, 5300, 10820, 
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and 30740. It is found that the aggregation numbers increase when time increases, and the 
aggregation number is higher when 𝑅𝑒 is higher. Figures 3.22(a), (b), (c), and (d) show the 
relationship between Reynolds number and the aggregation rate on AB, AF, BB, and BF orifice 
flows. It is found that when Reynolds number increases, the aggregation rate first increases, 
and then decreases to a small extent. Figure 3.23 shows the relationship between Reynolds 
number and the aggregation rate on the four orifice flows in one figure. When 𝑅𝑒 is the same, 
the order of aggregation rates from large to small is AB, BF, BB, AF. 
 
3.4.1.6 Comparison between the computational results and the experimental results 
In order to investigate the effect of orifice geometry on deposition rate, the deposition 
rates are compared between orifice geometries when 𝑅𝑒 is 5300. 𝑅𝑒 is chosen to be 5300 
because the corresponding inlet flow rate is 5 L/min, which is the blood flow rate in the human 
body (59). Figure 3.24 shows the aggregation rates on the wall of four orifice flows when 𝑅𝑒 
is 5300. In order for better comparison, the aggregation rates are normalized based on BB 
orifice. Figure 3.25(a) shows the relative aggregation rates. Figure 3.25(b) shows the relative 
thrombus formation rates in the experiment. Comparing Figure 3.25(a) and Figure 3.25(b), it 
is found that the order of relative aggregation rates of AB, AF, and BB orifices agrees with the 
relative thrombus formation rates. In the simulation, the relative aggregation rate of BF orifice 
is high. However, in the experiment, the relative thrombus formation rate of BF orifice is the 
lowest. Figure 3.26 shows the fluid velocity on the wall in the 𝑥 direction of the four orifice 
flows. The maximum velocities on AB and BF orifice flows are higher than AF and BB orifice 
flows. Comparing Figure 3.26 and Figure 3.20, it is found that the probability distribution 
functions on the wall of the four orifice flows are high at the places of maximum velocities. 
Compared with single platelets, the virtual particles are easier to aggregate on the wall due to 
higher inertia. When the platelet number is high and the corresponding concentration is the 
same as human blood, platelets are easy to separate from the wall. Because the maximum 
velocities on AB and BF orifice flows are higher than AF and BB orifice flows, the aggregation 
rates of AB and BF orifices may decrease if the virtual particle model is not used. The 













































































































































































(c) 𝑅𝑒 = 10820                                                              (d) 𝑅𝑒 = 30740 
                      Figure 3.21 Time history of the aggregation numbers on the wall  
































































































































































































































          (c) BB orifice                                                           (d) BF orifice 
Figure 3.22 Relationship between Reynolds number and aggregation rate 































































Figure 3.23 Relationship between Reynolds number and aggregation  















































































  Figure 3.24 Aggregation rates on the wall  











                                                                                    
(a) relative aggregation rates                             (b) relative thrombus formation rates  
(simulation)                                                        (experiment) (26) 
Figure 3.25 Comparison between relative aggregation rates in DPD and relative thrombus 






































































  Figure 3.26 Fluid velocities on the wall in 𝑥 direction (AB, AF, BB, BF 




3.4.2 Mathematical analysis 
 
3.4.2.1 Effect of time step on platelet aggregation 
In DPD, the results of the simulation depend on the chosen time step (63). In order to 
investigate the effect of time step on the number of platelet aggregation, platelet motion and 
platelet aggregation are computed when time steps are 1×10-5, 5×10-6, 1×10-6, 1×10-7, and 
1×10-8 s. Figure 3.27 shows the time history of the aggregation numbers of AB orifice in these 
cases. It is found that the aggregation numbers are almost the same in the cases when ∆𝑡 is 
greater or equal to 1×10-6 s. When ∆𝑡 is 1×10-7 and 1×10-8 s, the aggregation number is lower. 
The platelet distance is 0.06875 cm when 𝑁VT is 5000. And the platelet distance is 0.0017 cm 
when the corresponding activated platelet concentration is the same as the human blood. It is 
considered that the large platelet distance induces the lower aggregation number. 
 
In order to check whether it is the large platelet distance that induces the low aggregation 
number when ∆𝑡 is less than 1×10-6 s, the aggregation numbers are computed when platelet 
distance is 0.0017 cm. However, in order to avoid the vast computational time due to the high 
platelet number, the platelets are set before the orifice contraction as shown in Figure 3.28. The 
platelet number is 10105. Figure 3.29 shows the time history of the aggregation numbers in the 
fluid when ∆𝑡 is 1×10-6 and 1×10-7 s. It is found that the aggregation numbers are almost the 
same between the two cases. It is proved that it is the large platelet distance that induces the 
low aggregation number when the time step is less than 1×10-6 s in Figure 3.27. When the 
platelet distance is large, the difference of the velocities of the aggregated platelets is also large. 
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Platelets are easy to separate from platelet clusters when the difference of the velocity is large. 
Because the aggregation numbers are almost the same in the case of 5000 virtual particles when 
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Figure 3.27 Time history of aggregation numbers of AB orifice 













Figure 3.28 Initial distribution of platelet positions when activated platelet 




































Figure 3.29 Time history of the aggregation numbers in the fluid when the corresponding 




3.4.2.2 Parallel performance of OpenMP 
In the computation of DPD, three steps are included in the iteration. Table 3.4 shows the 
occupation ratio of the computational time in the three steps of DPD. In the test computation, 
5000 virtual particles are used. Time step is set to be 5×10-6 s. It is found that the code spends 
97.9% of the time on Step 2. Step 2 is computing the force. The force exerted on 𝑘th particle 
is computed by the sum of the interaction forces between the 𝑘th particle and all the other 
particles. And the force acting on all particles should be computed. Two do loops, the outer 𝐾 
and the inner 𝐿  iterations, are used for the computation of the interaction forces between 
particles. When the value of K iteration is 𝑘, the computer processors compute the sum of the 
interaction forces between 𝑘th particle and all the other particles. When the computation of the 
force of 𝑘th particle finishes, the computer processors continue to compute the forces of other 
particles. If particle number is 𝑁T, the computation of force should be done for 𝑁T
2 times. To 




Table 3.4 Occupation ratio of the computational time in the three steps of DPD. 
 Computational time 
per time step (s) 
Occupation ratio (%) 
 
Step 1: computing velocity 
Step 2: computing force 









𝐾 in the outer loop is independent. In the parallel computation by OpenMP, 𝐾 loop is 
divided into different groups as is shown in Figure 3.30. The computation in one group can be 
done by one CPU processor. When the computation in all groups finishes, the code then goes 
out of the 𝐾 loop and becomes serial computation for the next part of the code. 
 
As shown in Figure 3.5(b), CPU time at the start and at the end of the time iteration are 
measured by call cpu_time(𝑡1) and call cpu_time(𝑡2). The difference between 𝑡2 and 𝑡1 is the 
total CPU time spent on all CPU processors. And the average CPU time spent on one CPU 







                                                                                          (3.18) 
 








                                                                                                 (3.19) 
 
where 𝑆p is speedup, and 𝑡ser is the CPU time in serial computation. Figure 3.31 shows the 
relationship between the number of processors and the average CPU time. It is found that as 
the number of processors increases, the average CPU time decreases. The code parallelized by 
12 processors needs 12.2% of the time in serial computation. Figure 3.32 shows the relationship 
between the number of processors and speedup. It is found that the speedup increases when 
𝑁proc increases. And the speedup is 8.2 when 𝑁proc is 12. Because OpenMP can reduce the 
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Figure 3.31 Relationship between number of processors 
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3.4.2.3 Discrimination of platelet’s status 
Figures 3.33(a)-(l) show the distributions of clusters when 𝑁P is from 2 to 17 at 0.2 s. 
From the figure, it is found that the platelet clusters are mainly distributed around the 
reattachment point. At 0.2 s, the platelet clusters are mainly small clusters. Figure 3.34 shows 
the time history of the occupation percentages of clusters with different platelet numbers. From 
the figure, it is found that as time increases, the percentage of single platelet (𝑁P is 1) decreases, 
the percentage of aggregated platelets (𝑁P is bigger than 1) increases. And the platelet clusters 
become bigger and bigger. Figure 3.35 shows the formation of one sample platelet cluster. 
Initially, the cluster is a single platelet. At 0.066 s, the platelet aggregates with another platelet, 
and becomes a cluster. At 0.068 s, the cluster separates. Then the platelet aggregates with other 
platelets at 0.125 and 0.183 s. The cluster becomes steady at 0.183 s. From this cluster, 
phenomena of platelet aggregation and separation can be found.  
 
In the formation of platelet clusters, platelets first aggregate with other platelets, and 
become a steady cluster. Figure 3.36(a) shows the positions of platelet aggregation. The 
positions of steady clusters are not shown to investigate the places where platelet aggregation 
occurs. Figure 3.36(b) shows the distribution of turbulent viscosity. It is found that platelet 
aggregation mainly occurs at the places of high turbulent viscosity, around the reattachment 
point, and near the wall. Due to high turbulent viscosity, the interaction between platelets is 
strong, and platelet aggregation is easy to occur. Due to complex flow around the reattachment 
point, platelet aggregation is easy to occur. Due to the wall boundary condition, platelet 
aggregation is easy to occur. It is considered that the phenomenon of platelet aggregation has 




































(k) 𝑁P = 12                                           (l) 𝑁P = 17 























































































   Figure 3.34 Time history of occupation percentages of clusters  













   
(a) 0.0 s                (b) 0.066 s                          (c) 0.068 s                     (d) 0.125 s            (e) 0.183 s         




       
 






(b) distribution of turbulent viscosity 
Figure 3.36 Positions of platelet aggregation  
                             and distribution of turbulent viscosity. 
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3.5 Summary 
In this chapter, DPD was used to simulate the phenomenon of platelet aggregation in the 
thrombus formation on four orifice flows. Virtual particle model was proposed to reduce the 
particle number. The difference of the probability distribution functions of the number of 
platelet aggregation on the wall between the cases of different particle numbers is small. This 
result suggests that although the particle number is reduced, the computational accuracy can 
be ensured. The probability distribution function is high at the reattachment point. The 
reattachment point is predicted to be the place of initial thrombus formation. When the 
Reynolds number increases, the aggregation rate first increases, and then decreases to a small 































In previous chapters, platelet transport, platelet activation, and platelet deposition were 
simulated by FDM, and platelet aggregation was simulated by DPD. In this chapter, a hybrid 
CFD method between FDM and DPD is developed to simulate platelet transport, platelet 
activation, platelet deposition, and platelet aggregation. In the hybrid method, the effect of 
platelet aggregation is incorporated in computing platelet concentration. Table 4.1 shows the 
phenomena, which can be simulated in the three methods. The model equations in the hybrid 
method mainly contain four groups of equations: equations of fluid motion, equations of 
computing blood species concentrations, equations of particle motion, and equations of 
conversion between FDM and DPD. 
 
When platelet concentration is 2×108 1/ml, platelet number is 7.5×106 in the case of the 
size of orifice flow, the CPU time per time step is 6.3 h in DPD (64). And number of time steps 
is required to simulate the phenomenon of platelet aggregation. This will induce vast 
computational time. It is considered that in the hybrid method, 
(1) CPU time should be reduced by reducing particle number, 
(2) accuracy of the prediction of the place of initial thrombus formation should be ensured. 
 
In this chapter, platelet aggregation is computed in the cases of different particle numbers. 
The effect of platelet aggregation on the activated platelet concentration is investigated. The 
place of initial thrombus formation is predicted by investigating the place of high activated 
platelet concentration. The deposition rate, which is the initial time gradient of the integration 
of activated platelet concentration on the wall, is computed. The effect of particle number on 
the deposition rate is investigated. The relative errors, which are used to describe the difference 
of activated platelet concentrations between the cases of different particle numbers, are 
computed. The effect of particle number on the CPU time and the relative error is investigated. 





Table 4.1 Phenomena simulated in FDM, DPD, and hybrid method. 
Methods Platelet transport Platelet activation Platelet deposition Platelet aggregation 
FDM     
DPD     
Hybrid method     
Note.     : the phenomenon is simulated; 




4.2 Concept and model equations 
 
4.2.1 Model equations in FDM and DPD 
The equations of fluid motion are the same as Equations (2.1)-(2.10), which contain the 
continuum equation, Navier-Stokes equations, and equations of Launder-Kato k-epsilon 
turbulent model. The equations of computing blood species concentrations are the same as 
Equations (2.16)-(2.22) in Chapter 2. The equations of particle motion are the same as 
Equations (3.7)-(3.9) in Chapter 3. 
 
4.2.2 Equations of conversion between FDM and DPD 
Thrombus formation begins when platelets are activated by stimuli, such as platelet-
released agonist, platelet-synthesized agonist, and thrombin. These stimuli cause platelets to 
express adhesive receptors. The receptors function as bridges between activated platelets and 
make activated platelets aggregated. Because resting platelets don’t have adhesive receptors, 
resting platelets can’t aggregate with other platelets. Activated platelet concentration increases 
at the places where activated platelets aggregate, and activated platelet concentration decreases 
at the places where activated platelets separate. However, the change of activated platelet 
concentration at the places of platelet aggregation and separation can’t be simulated by FDM 
because platelet aggregation and separation are particle behaviors and FDM can’t simulate 
these particle behaviors. DPD can simulate platelet aggregation. It is considered that activated 
platelet concentration in FDM should be modified according to the positions of DPD particles 
computed with consideration of the effect of platelet aggregation. Equations (2.16)-(2.22) 
should be solved by using the modified activated platelet concentration. In order to distinguish 
the concentrations in FDM and in the hybrid method, the concentrations of blood species in 
FDM are [𝑅𝑃]FDM, [𝐴𝑃]FDM, [𝑎𝑝𝑟]FDM, [𝑎𝑝𝑠]FDM, 
[𝑃𝑇]FDM, [𝑇]FDM, and [𝐴𝑇]FDM, and the 
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concentrations in the hybrid method are [𝑅𝑃]Hybrid , [𝐴𝑃]Hybrid , [𝑎𝑝𝑟]Hybrid , [𝑎𝑝𝑠]Hybrid , 
[𝑃𝑇]Hybrid, [𝑇]Hybrid, and [𝐴𝑇]Hybrid. 
 
The number of DPD particles is reduced by using the virtual particle model. So that each 
DPD particle has its representative region. In the hybrid method, DPD particles represent all 
the activated platelets in their representative regions. A distribution function, Gaussian function, 
is used to incorporate the effect of platelet aggregation in the computation of activated platelet 
concentration. For 𝑘th DPD particle, 𝑿𝑘 is the position computed with consideration of the 
effect of platelet aggregation, and 𝑿𝑘
′  is the position computed without consideration of the 
effect of platelet aggregation. Due to platelet aggregation, activated platelets around 𝑿𝑘
′  should 
be moved to 𝑿𝑘. As a result, activated platelet concentration at 𝑿𝑘
′  is decreased, and activated 
platelet concentration at 𝑿𝑘 is increased. The distribution functions at 𝑿𝑘
′  and 𝑿𝑘 are computed. 
The difference of the distribution functions at 𝑿𝑘
′  and 𝑿𝑘 of 𝑘th DPD particle is multiplied by 
the number of activated platelets that the DPD particle represents. And the activated platelet 
concentration in DPD is the sum up of the multiplied values of all DPD particles. And the 
activated platelet concentration in the hybrid method is equal to the sum of activated platelet 
concentration in FDM and the activated platelet concentration in DPD. 
 
4.2.2.1 General expression of the numbers of activated platelets that virtual activated 
platelets represent 
According to the particle positions in DPD, the computational domain is divided into sub-
regions. One sub-region is the representative region of the corresponding particle. The general 
expression of the number of activated platelets that 𝑘th particle represents, 𝑁𝑘(𝑡), is; 
 
𝑁𝑘(𝑡) = ∫ [𝐴𝑃 ]Hybrid(𝑿, 𝑡)d𝑉 ,
𝑣𝑜𝑙𝑘
                                                      (4.1) 
 
where 𝑉 is the volume of the computational region, 𝑣𝑜𝑙𝑘 is the volume of the 𝑘th sub-region, 
and 𝑿 is the position in the flow field. 
 
4.2.2.2 General expression of the proposed distribution function 
The distribution function is proposed to revert the numbers of activated platelets that 
virtual activated platelets represent to the activated platelet concentration. The proposed 
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distribution function is a Gaussian function; 
 
𝑓𝑘(𝑿, 𝑿𝑘, 𝑡) = 𝑔 exp (−
(𝑿 − 𝑿𝑘(𝑡))
2
𝜃(𝜂 𝑡∗ + 𝜉)2 (𝜖 𝑈in + 𝛾)2
) ,                              (4.2) 
 
where; 
                                                                                                                                                                                                                
𝑔 =
1
2 𝜋 𝜃/2 (𝜂 𝑡∗ + 𝜉)2 (𝜖 𝑈in + 𝛾)2
 ,                                      (4.3) 
 




 .                                                                                            (4.4) 
 
In Equation (4.2), 𝑓𝑘(𝑿, 𝑿𝑘 , 𝑡) is the distribution function of 𝑘th virtual activated platelet at 
𝑿𝑘(𝑡), 𝑈in is the average inlet velocity, 𝑅 is the orifice radius, 𝑡
∗ is the “characteristic” time 
constant in the distribution function, 𝜃, 𝜂, and 𝜖 are the dimensionless coefficients, 𝜉 is the 
constant to modulate the time term, and 𝛾 is the constant to modulate the velocity term. The 
integral of 𝑓𝑘(𝑿, 𝑿𝑘, 𝑡) is; 
 
 ∭𝑓𝑘(𝑿,𝑿𝑘 , 𝑡)d𝑉 = 1 .
𝑉
                                                      (4.5) 
 
Because the integral is equal to 1, the number of activated platelets that 𝑘th DPD particle 
represents is not reduced when reverted to the activated platelet concentration. The distribution 
function of 𝑘th virtual activated platelet at 𝑿𝑘




′ , 𝑡) = 𝑔 exp (−
(𝑿 − 𝑿𝑘
′ (𝑡))2
𝜃(𝜂 𝑡∗ + 𝜉)2 (𝜖 𝑈in + 𝛾)
2
) .                            (4.6) 
 
4.2.2.3 General expression of [𝑨𝑷]𝐃𝐏𝐃 and [𝑨𝑷]𝐇𝐲𝐛𝐫𝐢𝐝 
The activated platelet concentration in DPD, [𝐴𝑃]DPD(𝑿, 𝑡), is proposed; 
                                                                                                                                                                                                                                
[𝐴𝑃]DPD(𝑿, 𝑡) =  ∑𝑁𝑘  [𝑓𝑘(𝑿, 𝑿𝑘 , 𝑡) − 𝑓𝑘
′(𝑿,𝑿𝑘
′ , 𝑡)] .
𝑘
                                   (4.7) 
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As 𝑓𝑘 is higher than 𝑓𝑘




′  is a negative value. In this way, activated platelet concentration at 𝑿𝑘
′  is reduced, 
and activated platelet concentration at 𝑿𝑘 is increased. And activated platelet concentration in 
the hybrid method [𝐴𝑃]Hybrid(𝑿, 𝑡) is; 
 
[𝐴𝑃]Hybrid(𝑿, 𝑡) = [𝐴𝑃]FDM(𝑿, 𝑡) + [𝐴𝑃]DPD(𝑿, 𝑡) .                                           (4.8) 
 
4.2.2.4 Algorithm of the simulation in the hybrid method 
In the hybrid method, the phenomena in thrombus formation are simulated by different 
parts. Figure 4.1(a) shows the phenomena simulated in FDM. In the transport of blood species, 
platelets will be activated. And some activated platelets will deposit on the wall and form the 
first layer of thrombus. Figure 4.1(b) shows the phenomena simulated in DPD. During 
activated platelet motion, some activated platelets aggregate with the activated platelets already 
fixed on the wall. Figure 4.1(c) shows the phenomena simulated in the hybrid method. After 
platelet deposition on the wall, activated platelets aggregate with the activated platelets already 
fixed on the wall. Figure 4.2 shows the algorithm of the simulation in the hybrid method. At 
first, the initial blood species concentrations and the initial positions of virtual activated 
platelets are set. After setting the initial conditions, the simulation goes to the loop of time 
iteration. The cyclic boundary condition is used to adjust the blood species concentrations and 
the positions of virtual activated platelets at the inlet and outlet. The simulation is divided into 
three branches. One is for the blood species of resting platelet, platelet-released agonist, 
platelet-synthesized agonist, prothrombin, thrombin, and antithrombin III. In this branch, the 
transport of these blood species is computed by FDM for one time step. The second and third 
branches are for the species of activated platelet. In the second branch, the transport of activated 
platelets is computed by FDM for one time step. In the third branch, after computing the 
numbers of activated platelets that DPD particles represent, the motion and aggregation of 
particles are computed by DPD for one time step. After completing the computations in the 
second and third branches, activated platelet concentration in FDM in the second branch is 
modified according to particle positions computed with consideration of platelet aggregation 
by DPD in the third branch. After completing the computation in the three branches, the new 


















(c) hybrid method 
























4.2.2.5 Two dimensional expression of the numbers of activated platelets that virtual 
activated platelets represent 
In order for better understanding of the equations in the hybrid method, the two 
dimensional expressions of these equations are shown. When the general variables in Equation 
(4.1) are changed to two dimensional variables, Equation (4.1) becomes; 
 
𝑁𝑘(𝑡) = ∫ [𝐴𝑃]Hybrid(𝑥, 𝑦, 𝑡)d𝑆 
𝑠𝑘
,                                               (4.9) 
                                                                                          
where 𝑁𝑘(𝑡) is the number of activated platelets that 𝑘th particle represents, 𝑠𝑘 is the area of 
the 𝑘th sub-region, and 𝑆 is the area of the computational region. Figure 4.3 shows the virtual 
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activated platelets in the sub-regions of the flow field. In the figure, virtual activated platelets 
and sub-regions correspond one by one. Figure 4.4 shows the conversion of activated platelet 
concentration in the hybrid method [𝐴𝑃]Hybrid(𝑥, 𝑦, 𝑡) to the number of activated platelets 
𝑁𝑘(𝑡). In the figure, the points are virtual activated platelets. The position of 𝑘 th virtual 
activated platelet is (𝑥𝑘, 𝑦𝑘). The 𝑧 axis is the activated platelet concentration in the hybrid 
method. As 𝑁𝑘(𝑡) is equal to the integral of [𝐴𝑃]Hybrid(𝑥, 𝑦, 𝑡) in the representative region, 
the volume of the space between the surface defined by the function of [𝐴𝑃]Hybrid(𝑥, 𝑦, 𝑡) and 
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Figure 4.4 Conversion activated platelet concentration in the hybrid method  




                
        (a) distribution functions                                (b) activated platelet concentration 




 4.2.2.6 Two dimensional expression of the proposed distribution function 
When the general variables in Equation (4.2) are changed to two dimensional variables, 
Equation (4.2) becomes; 
 
𝑓𝑘(𝑥, 𝑦, 𝑥𝑘, 𝑦𝑘 , 𝑡) = 𝑔 exp (−
(𝑥 − 𝑥𝑘(𝑡))
2 + (𝑦 − 𝑦𝑘(𝑡))
2
𝜃(𝜂 𝑡∗ + 𝜉)2(𝜖 𝑈in + 𝛾)2
) 
,
                             (4.10) 
                                                                  
where 𝑓𝑘(𝑥, 𝑦, 𝑥𝑘 , 𝑦𝑘, 𝑡) is the distribution function of 𝑘th virtual activated platelet. (𝑥𝑘, 𝑦𝑘) is 
𝑥






[AP ]Hybrid(𝑥, 𝑦, 𝑡)
𝑦
𝐴𝑃 ′(𝑥, 𝑦, 𝑡)
𝑥
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the position computed with consideration of the effect of platelet aggregation. The integral of 
𝑓𝑘(𝑥, 𝑦, 𝑥𝑘 , 𝑦𝑘, 𝑡) is;  
 
     ∬𝑓𝑘(𝑥, 𝑦, 𝑥𝑘 , 𝑦𝑘, 𝑡)d𝑆 = 1 .
𝑆
                                                    (4.11) 
 
Activated platelet concentration derived from the distribution functions,  [𝐴𝑃]′(𝑥, 𝑦, 𝑡) , is 
computed by summing up the distribution functions multiplied by the numbers of activated 
platelets;  
 
[𝐴𝑃]′(𝑥, 𝑦, 𝑡) =∑𝑁𝑘(𝑡) 𝑓𝑘(𝑥, 𝑦, 𝑥𝑘 , 𝑦𝑘, 𝑡) .
𝑘
                                               (4.12) 
 
Figure 4.5 shows the activated platelet concentration derived from the distribution functions 
[𝐴𝑃]′(𝑥, 𝑦, 𝑡). In Figure 4.5(a), the distribution functions of four virtual activated platelets are 
shown as an example. Figure 4.5(b) shows the distribution of [𝐴𝑃]′(𝑥, 𝑦, 𝑡). From the figure, 
[𝐴𝑃]′(𝑥, 𝑦, 𝑡) is high at the places of virtual activated platelets. When the virtual activated 
platelets gather at the places of platelet aggregation, [𝐴𝑃]′(𝑥, 𝑦, 𝑡) at the places of platelet 
aggregation is high. It is considered that the increment of activated platelet concentration at the 
places of platelet aggregation can be simulated by the hybrid method. When general variables 





′ , 𝑡) = 𝑔 exp (−
(𝑥 − 𝑥𝑘
′ (𝑡))2 + (𝑦 − 𝑦𝑘
′ (𝑡))2
𝜃(𝜂 𝑡∗ + 𝜉)2 (𝜖 𝑈in + 𝛾)2




′ )  is the position computed without consideration of the effect of platelet 
aggregation. 
 
4.2.2.7 Two dimensional expression of [𝑨𝑷]𝐃𝐏𝐃 and [𝑨𝑷]𝐇𝐲𝐛𝐫𝐢𝐝 
When the general variables in Equation (4.7) are changed to two dimensional variables, 
Equation (4.7) becomes; 
                                                                                                                                                                                                                                                                                                             
[𝐴𝑃]DPD(𝑥, 𝑦, 𝑡) =∑𝑁𝑘(𝑡) (𝑓𝑘(𝑥, 𝑦, 𝑥𝑘, 𝑦𝑘, 𝑡) − 𝑓𝑘
′(𝑥, 𝑦, 𝑥𝑘
′ , 𝑦𝑘
′ , 𝑡)) ,
𝑘
      (4.14) 
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where [𝐴𝑃]DPD(𝑥, 𝑦, 𝑡)  is the activated platelet concentration in DPD. And the activated 
platelet concentration in the hybrid method, [𝐴𝑃]Hybrid(𝑥, 𝑦, 𝑡), is; 
 
[𝐴𝑃]Hybrid(𝑥, 𝑦, 𝑡) = [𝐴𝑃]FDM(𝑥, 𝑦, 𝑡) + [𝐴𝑃]DPD(𝑥, 𝑦, 𝑡) .                               (4.15) 
 
4.2.3 Equations of computing blood species concentrations 
The model equations of the hybrid method are also a set of convection-diffusion-reaction 
equations. The differences of the model equations between hybrid method and FDM are the 
blood species concentrations. Because only the species of activated platelet has the phenomena 
of platelet aggregation, concentrations of resting platelet, platelet-released agonist, platelet-
synthesized agonist, prothrombin, thrombin, and antithrombin III in the hybrid method are not 
modified, which are the same as the concentrations in FDM; 
 
[𝑅𝑃]Hybrid = [𝑅𝑃]FDM ,                                                                                   (4.16) 
 
[𝑎𝑝𝑟]Hybrid = [𝑎𝑝𝑟]FDM ,                                                                                  (4.17) 
 
[𝑎𝑝𝑠]Hybrid = [𝑎𝑝𝑠]FDM ,                                                                                  (4.18) 
 
[𝑃𝑇]Hybrid = [𝑃𝑇]FDM ,                                                                                   (4.19) 
 
[𝑇]Hybrid = [𝑇]FDM ,                                                                                      (4.20) 
 
[𝐴𝑇]Hybrid = [𝐴𝑇]FDM .                                                                                   (4.21) 
 
Equations (4.22)-(4.28) are the equations of computing the blood species concentrations in the 
hybrid method; 
 
   
∂[𝑅𝑃]Hybrid
∂𝑡
+ 𝐝𝐢𝐯(𝒖 [𝑅𝑃]Hybrid) = 𝐝𝐢𝐯(𝐷𝑅𝑃 𝐠𝐫𝐚𝐝[𝑅𝑃]Hybrid) + 𝑆𝑅𝑃 ,                       (4.22) 
                                                     
   
∂[𝐴𝑃]Hybrid
∂𝑡
+ 𝐝𝐢𝐯(𝒖 [𝐴𝑃]Hybrid) = 𝐝𝐢𝐯(𝐷𝐴𝑃 𝐠𝐫𝐚𝐝[𝐴𝑃]Hybrid) + 𝑆𝐴𝑃 ,                       (4.23) 




+ 𝐝𝐢𝐯(𝒖 [𝑎𝑝𝑟]Hybrid) = 𝐝𝐢𝐯(𝐷𝑎𝑝𝑟  𝐠𝐫𝐚𝐝[𝑎𝑝𝑟]Hybrid) + 𝑆𝑎𝑝𝑟 ,                   
(4.24) 
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∂[𝑎𝑝𝑠]Hybrid
∂𝑡
+ 𝐝𝐢𝐯(𝒖 [𝑎𝑝𝑠]Hybrid)  = 𝐝𝐢𝐯(𝐷𝑎𝑝𝑠 𝐠𝐫𝐚𝐝[𝑎𝑝𝑠]Hybrid) + 𝑆𝑎𝑝𝑠 ,                    (4.25) 
                              
∂[𝑃𝑇]Hybrid
∂𝑡
+ 𝐝𝐢𝐯(𝒖 [𝑃𝑇]Hybrid)  = 𝐝𝐢𝐯(𝐷𝑃𝑇 𝐠𝐫𝐚𝐝[𝑃𝑇]Hybrid) + 𝑆𝑃𝑇 ,                       (4.26) 
                   
        
∂[𝑇]Hybrid
∂𝑡
+ 𝐝𝐢𝐯(𝒖 [𝑇]Hybrid) = 𝐝𝐢𝐯(𝐷𝑇  𝐠𝐫𝐚𝐝[𝑇]Hybrid) + 𝑆𝑇 ,                              (4.27) 
                  
   
𝜕[𝐴𝑇]Hybrid
𝜕𝑡
+ 𝐝𝐢𝐯(𝒖 [𝐴𝑇]Hybrid) = 𝐝𝐢𝐯(𝐷𝐴𝑇 𝐠𝐫𝐚𝐝[𝐴𝑇]Hybrid) + 𝑆𝐴𝑇 ,                       (4.28) 
 
where 𝑆𝑅𝑃, 𝑆𝐴𝑃, 𝑆𝑎𝑝𝑟, 𝑆𝑎𝑝𝑠, 𝑆𝑃𝑇, 𝑆𝑇, and 𝑆𝐴𝑇 are the source terms of the seven blood species. 
The forms of the source terms are the same as Equations (2.16)-(2.22). 
 
4.2.4 Relationship between equations in FDM, DPD, and hybrid method 
Equations (2.16)-(2.22) are the equations of computing blood species concentrations in 
FDM. Equation (2.34) is the numerical equation which can be used to solve Equations (2.16)-
(2.22). The reaction rate of platelet activation in FDM is defined by Equations (2.25) and (2.26). 
Equations (3.7) and (3.9) are used to compute the force acting on virtual activated platelets in 
DPD. Equation (3.13) is the numerical equation to compute particle motion in DPD. Equations 
(4.22)-(4.28) are the model equations in the hybrid method. Equation (4.1) is the general 
expression of the numbers of activated platelets that virtual activated platelets represent. And 
Equation (4.9) is the two dimensional expression of the numbers of activated platelets that 
virtual activated platelets represent. Equations (4.7) and (4.8) are the general expressions of 
[𝐴𝑃]DPD and [𝐴𝑃]Hybrid. And Equations (4.14) and (4.15) are the two dimensional expressions 
of [𝐴𝑃]DPD and [𝐴𝑃]Hybrid. 
 
4.3 Methods and computational objects 
 
4.3.1 Discretization of the model equations 
Equations (4.22)-(4.28) are solved by FDM. Figure 2.2 shows mesh and grid points of the 
computational domain. P is one of the grid points. The convection-diffusion-reaction equations 
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are discretized by Equation (2.34). The relationship between activated platelet concentration 





𝑛  .                                                                      (4.29) 
 
where [𝐴𝑃]P,Hybrid
𝑛  is the activated platelet concentration at the point P in the hybrid method 
in 𝑛th time iteration, [𝐴𝑃]P,FDM
𝑛  is the activated platelet concentration in FDM at the point P, 
[𝐴𝑃]P,DPD
𝑛  is the activated platelet concentration in DPD at the point P. By using Equation 
(4.29), activated platelet concentration in FDM can be modified every time step. 
 
4.3.2 Equations of computing the numbers of resting platelets in the fluid 
In the hybrid method, the number of virtual particles can be changed in different cases. In 
order to differentiate the variables in the cases of different numbers of virtual activated platelets 
𝑁VT , the index 𝑗 is added to the variables. For example, [𝑅𝑃]Hybrid,𝑗(𝑥, 𝑦, 𝑡) is the resting 
platelet concentration in the hybrid method when 𝑁VT is 𝑗. In this chapter, 𝑗 is 400, 2500, 5000, 
1000, 12000, and 15000. The number of resting platelets in the fluid in the hybrid method, 
𝑁𝑅𝑃,Hybrid,𝑗, is; 
 
𝑁𝑅𝑃,Hybrid,𝑗(𝑡) = ∬[𝑅𝑃]Hybrid,𝑗(𝑥, 𝑦, 𝑡)d𝑉 
𝑉





                                                    (4.30) 
 
4.3.3 Equations of computing the integration of activated platelet concentration on the  
wall 
As platelet is the main composition of thrombus, the integration of activated platelet 
deposition on the wall reflects the size of thrombus. The definitions of the integration of 
activated platelet deposition 𝐷𝑒𝑝𝐴𝑃 and the deposition rate 𝑅dep are the same as Equations 
(2.27)-(2.29).  
 
4.3.4 Equations of computing the relative errors in the cases of different numbers of 
 virtual activated platelets 
[𝐴𝑃]DPD,𝑗(𝑥, 𝑦, 𝑡) is the activated platelet concentration in DPD when 𝑁VT is 𝑗. Table 4.2 
shows the values of the parameters in the distribution function. The standard derivations of the 
 82 
Gaussian distribution functions in these cases, σ, are computed and shown in the table. The 
parameter values are chosen to make σ equivalent to the initial platelet distance shown in Table 
3.2. The relationship between activated platelet concentration in the hybrid method 
[𝐴𝑃]Hybrid,𝑗(𝑥, 𝑦, 𝑡) , activated platelet concentration in FDM [𝐴𝑃]FDM,𝑗(𝑥, 𝑦, 𝑡) , and the 
activated platelet concentration in DPD [𝐴𝑃]DPD,𝑗(𝑥, 𝑦, 𝑡) is;  
 
[𝐴𝑃]Hybrid,𝑗(𝑥, 𝑦, 𝑡) = [𝐴𝑃]FDM,𝑗(𝑥, 𝑦, 𝑡) + [𝐴𝑃]DPD,𝑗(𝑥, 𝑦, 𝑡) .                                            (4.31) 
 
To compare [𝐴𝑃]DPD,𝑗(𝑥, 𝑦, 𝑡) between different cases, the average value of [𝐴𝑃]DPD,𝑗(𝑥, 𝑦, 𝑡) 














.                                              
   (4.32) 
 
𝑔𝑗(𝑥, 𝑦, 𝑡)  is the function to compute the deviation of [𝐴𝑃]DPD,𝑗(𝑥, 𝑦, 𝑡)  from 
[𝐴𝑃]DPD,beg(𝑥, 𝑦, 𝑡); 
 



















| ≤ ε′ 
,
                                        (4.33) 
 
where ε′ is the allowed error, beg means the lowest 𝑗 , which is 400, 𝐴𝑣𝑒𝐴𝑃,DPD,beg  means 
𝐴𝑣𝑒𝐴𝑃,DPD,𝑗 when 𝑗 is 400, and [𝐴𝑃]DPD,beg(𝑥, 𝑦, 𝑡) is [𝐴𝑃]DPD,𝑗(𝑥, 𝑦, 𝑡) when 𝑗 is 400. When 
the difference of the relative values of [𝐴𝑃]DPD,𝑗(𝑥, 𝑦, 𝑡) and [𝐴𝑃]DPD,beg(𝑥, 𝑦, 𝑡) at a place is 
bigger than the allowed error, this place is the not matching place. The total volume of all the 
not matching places is; 
 
𝑉error,𝑗(𝑡) = ∬𝑔𝑗(𝑥, 𝑦, 𝑡)d𝑉                                                                                               
𝑉
 
=∬2π𝑔𝑗(𝑥, 𝑦, 𝑡)𝑦d𝑥d𝑦 .






Table 4.2 Values of parameters in the distribution function. 
Number of virtual 
















4×10-4 0.1 1×10-4 1×10-4 2.19 
2800 
2500 207919 1000 
5000 98274 690 
10000 51979 500 
12000 40253 440 















∬2π𝑔𝑗(𝑥, 𝑦, 𝑡)𝑦d𝑥d𝑦 .




When 𝑅𝑗(𝑡) in Equation (4.35) is higher, the volume of the not matching places is higher. So 
that 𝑅𝑗 is a kind of the relative error. 
         
4.3.5 Computational objects, boundary conditions, and initial conditions 
In this chapter, the computational objects are orifice flows. Inlet flow rate 𝑄 is 5.0 L/min, 
inlet velocity 𝑈in is 21.9 cm/s, and the Reynolds number 𝑅𝑒 is 5300. Launder-Kato k-epsilon 
turbulent model is used (45, 65). The wall boundary condition is non-slip. The outlet static 
pressure is 0 Pa.  
 
Concentrations of resting platelet, activated platelet, platelet-released agonist, platelet-
synthesized agonist, prothrombin, thrombin, and antithrombin III are uniformly distributed in 
the whole computational domain at the start of the computation. The concentrations of these 
species are the same as the concentrations in the human blood. Virtual activated platelets are 
uniformly distributed in the flow field at the start of the computation. 
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Cyclic boundary conditions are used. The cyclic boundary condition in FDM means that 
the concentrations of the seven blood species at the inlet are kept to be the same as the 
concentrations at the outlet. It means that the blood species reaching the outlet are moved to 
the inlet. The cyclic boundary condition in DPD means that the virtual activated platelets 
reaching the outlet are moved to the inlet. 
 
4.4 Results and discussions 
 
4.4.1 Effect of platelet aggregation on the distribution of activated platelet concentration  
in the hybrid method 
Figure 4.6 shows the distributions of activated platelet concentration in the hybrid method 
at 0 and 0.2 s when 𝑁VT is 2500. And Figure 4.7 shows the distributions of virtual activated 
platelets. It is found that activated platelet concentration is high around the reattachment point, 
and the aggregated virtual activated platelets mainly distribute around the reattachment point. 
The places of aggregated virtual activated platelets correspond to the places of high activated 
platelet concentration. It is considered that platelet aggregation induces the high activated 
platelet concentration. It is confirmed that platelet aggregation has been simulated in the hybrid 
method. Figure 4.8 shows the distributions of activated platelet concentration in the hybrid 
method at 0 and 0.2 s when 𝑁VT is 5000. And Figure 4.9 shows the distributions of virtual 
activated platelets. It is also found that the places of aggregated virtual activated platelets 
correspond to the places of high activated platelet concentration. And the difference of the 
distributions of activated platelet concentration is small between the cases when 𝑁VT is 2500 










(b) 0.2 s 
Figure 4.6 Distributions of activated platelet concentration in the hybrid method 
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(b) 0.2 s 














(b) 0.2 s 
Figure 4.8 Distributions of activated platelet concentration in the  












(b) 0.2 s 




The transport of blood species on AB orifice flow is computed by the hybrid method in 
six cases when 𝑁VT is from 400 to 15000. Figure 4.10 shows the distributions of activated 
platelet concentration at 𝑇final in FDM and in the hybrid method in cases of six numbers of 
virtual activated platelets. In the figure, 𝑇final is the final time, which is 0.2 s in this chapter. It 
is found that the distributions of activated platelet concentration are similar between these cases. 
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When 𝑁VT  is higher, the concentration is more detailly distributed. Figure 4.11 shows the 
activated platelet concentrations on the wall at 𝑇final in FDM and in the hybrid method. The 
activated platelet concentration at the reattachment point is high in all these cases. The 
reattachment point is predicted to be the place of initial thrombus formation. When 𝑁VT is 
higher, the activated platelet concentration on the wall is higher. Activated platelet 
concentration at the reattachment point in FDM is about 1×107 1/ml. Activated platelet 
concentration at the reattachment point is about 1.35×107 1/ml in the hybrid method when 𝑁VT 
is 15000. Comparing Figure 3.13 with Figure 4.11, when 𝑁VT is higher, the higher number of 
platelet aggregation on the wall causes the higher activated platelet concentration on the wall 































(g) Hybrid method (𝑁VT = 15000) 
Figure 4.10 Distributions of activated platelet concentration 
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(a) FDM                                               (b) Hybrid method (𝑁VT = 2500) 
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(c) Hybrid method (𝑁VT = 5000)                                 (d) Hybrid method (𝑁VT = 12000) 
 










































(e) Hybrid method (𝑁VT = 15000) 
Figure 4.11 Activated platelet concentration on the wall in FDM  





Figure 4.12(a) shows the time history of the relative numbers of resting platelets in the 
hybrid method of AB orifice when 𝑁VT is 2500, 5000, 12000, and 15000. The relative numbers 
mean the differences between the numbers of resting platelets 𝑁𝑅𝑃,Hybrid,𝑗 with 15552070000. 
The relative numbers are used to avoid the same numbers in the beginning numerical digits. It 
is found that the relative numbers decrease with time in all these cases. Figure 4.12(b) shows 
the relative numbers at 𝑇final. It is found that when 𝑁VT is higher, the relative number is lower. 
From Figures 4.11 and 4.12, it is found that when 𝑁VT is higher, more resting platelets are 














































































(a) time history 
            
     
Number of virtual activated platelets, NVT































































(b) relative number at 𝑇final 
Figure 4.12 Relationship between number of virtual activated platelets and 




4.4.2 Effect of number of virtual activated platelets on the deposition rate 
Figure 4.13 shows the time history of the integrations of activated platelet deposition on 
the wall in FDM and in the hybrid method when 𝑁VT is 2500, 5000, 12000, and 15000. When 
time increases, the integrations of activated platelet deposition on the wall increase in all these 
cases, and the integration of the activated platelet deposition in the hybrid method in the case 
of 15000 virtual activated platelets is about 1.08 times of the integration in FDM at 𝑇final. 
Figure 4.14 shows the relationship between the number of virtual activated platelets and the 
deposition rate of activated platelets. It is found that the deposition rate is almost the same 
when 𝑁VT  is less than or equal to 10000. When 𝑁VT  changes from 10000 to 21000, the 





       




























































            Figure 4.13 Time history of the integrations of activated platelet deposition 




























            Figure 4.14 Relationship between the number of virtual activated platelets 




4.4.3 Effect of number of virtual activated platelets on activated platelet concentration 
in DPD 
Figure 4.15 shows the distributions of activated platelet concentration in DPD at 𝑇final in 
six cases when 𝑁VT is from 400 to 15000. It is found that when 𝑁VT is higher, [𝐴𝑃]DPD,𝑗 is 
more detailly distributed. Figure 4.16 shows the time history of the average values of activated 
platelet concentration in DPD, which is computed by Equation (4.32). It is found that 
𝐴𝑣𝑒𝐴𝑃,DPD,𝑗(𝑡) has higher value when 𝑁VT is higher. When 𝑁VT is 15000, the average value is 
about 2.7 times of the average value when 𝑁VT is 5000. 
 
Figure 4.17 shows the time history of the relative errors in the hybrid method when 𝑁VT 
is 5000, 12000, and 15000. Based on the [𝐴𝑃]DPD,𝑗  when 𝑗  is 400, the relative error is 
computed by Equation (4.35). It is found that relative error increases till 0.1 s in all these cases, 
and after 0.1 s, the relative error tends to be constant. Figure 4.18 shows the relationship 
between the number of virtual activated platelets and the average relative error. The average 
relative error is the average value of relative error after 0.1 s. It is found that average relative 






















































































(f) 𝑁VT = 15000 











































































          Figure 4.16 Time history of the average values of activated platelet concentration 




-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
1/ml -2 -1 0 1 2 -2 -1 0 1 2
-2 -1 0 1 2
-2 -1 0 1 2
-2 -1 0 1 2
-2 -1 0 1 2





























































             Figure 4.18 Relationship between the number of virtual activated platelets  




4.4.4 Computational time in the hybrid method 
The value of the Gaussian function is small when the distance from the mean of the 
Gaussian function is larger than the standard deviation. If the small value is computed, the 
computational time will be vast. To shorten the computational time, the computation of 
𝑓𝑘(𝑿, 𝑿𝑘 , 𝑡) and 𝑓𝑘
′(𝑿, 𝑿𝑘
′ , 𝑡) is simplified by giving a threshold distance. When the distance is 
larger than the threshold distance, the value of the Gaussian function is not computed. Figure 
4.19 shows the distribution function and the cutoff radius when 𝑁VT is 5000. When the cutoff 
radius is 0.2 cm, the main part of the distribution function is computed. Figure 4.20 shows the 
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CPU time per time step in the hybrid method, FDM part, DPD part, and conversion part when 
the cutoff radius is 0.2 cm. It is found that the CPU time in the FDM part is small, which can 
be ignored. The CPU time in the conversion part is about 1.6 times the CPU time in the DPD 
part. However, the conversion part should not occupy much CPU time. In order to reduce the 
CPU time in the conversion part, the smaller cutoff radius is used. Figure 4.21 shows the CPU 
time per time step in the hybrid method, FDM part, DPD part, and conversion part when the 
cutoff radii are 0.06 and 0.2 cm. It is found that the CPU time per time step in the FDM and 
DPD parts are almost the same when the cutoff radii are 0.06 and 0.2 cm. However, the CPU 
time in the conversion part and in the hybrid method decreases when the cutoff radius decreases. 
Table 4.3 shows the CPU time per time step in the conversion part and in the hybrid method 
when 𝑁VT is 15000. The CPU time in the conversion part decreases by 28.5%. And the CPU 
time in the hybrid method decreases by 19.7%. It is confirmed that the CPU time can be reduced 
















Table 4.3 CPU time per time step in the conversion part and in the hybrid method 
when 𝑁VT is 15000. 
 
 Cutoff radius 𝑟cutoff Reduction rate 
0.06 cm 0.2 cm  
Conversion part 2.03 s 2.84 s 28.5% 
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        Figure 4.20 CPU time per time step in the hybrid method, FDM part, DPD part, 
and conversion part (𝑟cutoff = 0.2  m). 
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           Figure 4.21 CPU time per time step in the hybrid method, FDM part, DPD part,  






























Figure 4.22 Relationship between the number of virtual activated platelets, 




4.4.5 Effect of number of virtual activated platelets on CPU time and the relative error 
Figure 4.22 shows the relationship between the number of virtual activated platelets, CPU 
time per time step in the hybrid method, and average relative error. It is found that when 𝑁VT 
increases, CPU time per time step in the hybrid method increases, and the average error 
decreases. In the figure, there is a cross point of CPU time per time step and the average error. 
However, when 𝑁VT is larger than the cross point, the relative error is small, and the CPU time 
is big. The number of virtual activated platelets can be determined by considering the balance 
between CPU time and the average error. 
 
4.5 Comparison of the results between FDM, DPD, and hybrid method 
In order to compare the results of FDM, DPD, and hybrid method, the initial conditions 
in the three methods are unitized. The initial concentrations in the hybrid method are set in the 
front of the orifice contractions, same as Figure 2.9(a). In previous sections of this chapter, the 
initial concentrations of blood species are set in the whole computational region. Figure 4.23(a) 
shows the time history of the integrations of surface coverage due to activated platelets in the 
hybrid method on the wall of the four orifices. The integrations start to increase exponentially 
at 0.1 s, and then increase linearly. Figure 4.23(b) shows the relative deposition rates of the 
four orifices. The relative deposition rates are computed based on BB orifice. The deposition 














CPU time per time step in Hybrid method
Average relative error




























































(a) integrations of surface coverage                                    (b) relative deposition rates 
 Figure 4.23 Integrations of surface coverage due to activated platelets in the hybrid 




Figure 4.24 shows the relative deposition rates in FDM and hybrid method, relative 
aggregation rates in DPD, and relative thrombus formation rates in the experiment. In FDM, 
DPD, and hybrid method, the orders of the rates of AB, AF, and BB orifices are the same as 
the orders in the experiment. The relative thrombus formation rate in the experiment is 
overestimated by FDM, DPD, and hybrid method. Compared with FDM, the order of the 
deposition rates in the hybrid method more agrees with the order in the experiment. In DPD, 
the difference of the relative deposition rates is big. However, in the hybrid method, the 
difference is small. It is considered that the hybrid method has higher computational accuracy 






































































































































































































                            
(c) Hybrid method                                                       (d) Experiment (26) 
Figure 4.24 Comparison between relative deposition rates in FDM and hybrid method, relative 





















































































In the main flow, the number of aggregated platelets is high because the high turbulence 
increases the collision frequency and contact between platelets. The aggregated platelets move 
with the main flow. Due to the low turbulence on the wall, the number of aggregated platelets 
is low. On the other hand, because the particle number is reduced by using our proposed virtual 
particle model, the number of aggregated platelets on the wall is low. However, the aggregated 
platelets are easy to be fixed on the wall as the fluid velocity is low. By adding the factor of 
platelet aggregation in the hybrid method, the platelets are moved to the wall and the platelet 
concentration on the wall increases. From the computational results, it is found that the relative 
deposition rates in the hybrid method are almost the same as the relative deposition rates in 
FDM. Because the number of aggregated platelets on the wall is low, the increment of platelet 
concentration is low and the difference of the relative deposition rates between FDM and 
hybrid method is small. As a result, the additional factor in the hybrid method does not have a 
big effect on the relative deposition rates. It is considered that the additional factor may have a 
big effect on the relative deposition rates when the number of aggregated platelets on the wall 
increases by increasing the particle number. 
 
In the experiment, the transport and polymerization of fibrin and the adhesion process on 
the wall are visualized. In the simulation, the platelet concentration on the wall is computed. 
When the fibrin concentration is high in the polymerization, a strong fibrin mesh forms on the 
top of the platelet aggregate and allows a large platelet aggregate. In other words, platelet 
concentration is high at the places of high fibrin concentration. This suggests that although 
platelets and fibrin are different blood species, the computational results can be compared with 
the experimental results. However, the initial condition in the simulation is different from the 
condition in the experiment. The steady condition and the pulsatile condition mean that the 
platelet concentration and the particles are initially set in the whole computational region and 
at a part of the region. In the experiment, the steady condition is imposed. In the simulation, 
the pulsatile condition is imposed. To compare with the results in the experiment, the platelet 
concentration is computed in the cases when the pulsatile conditions are imposed at different 
parts of the computational region. And the sum-up of the platelet concentration in these cases 
is assumed to be equal to the platelet concentration when the steady condition is imposed. The 
coefficients are used in the sum-up. When the pulsatile conditions are imposed at the parts near 
the wall, the coefficients are high because platelet aggregation much affects the platelet 
concentration on the wall. To the contrary, the coefficients are low when the pulsatile 
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conditions are imposed in the main flow because platelet aggregation does not much affect the 
platelet concentration. The cases with low coefficients can be not computed and not included 
in the sum-up to decrease the computational time. The coefficients in different cases are 
adjusted to make the distribution of platelet concentration on the wall in the hybrid method 
same as the distribution of fibrin concentration in the experiment. When the pulsatile conditions 
are imposed, the numbers of aggregated platelets on the wall are low and the additional factor 
of platelet aggregation does not have a big effect on the relative deposition rates. By combining 
the cases when the pulsatile conditions are imposed at different parts, the total particle number 
and the total number of aggregated platelets on the wall are high. It is considered that the 
additional factor may have a big effect on the relative deposition rates. 
 
In the hybrid method, the platelet concentration increases at the place of platelet 
aggregation. The local maximum platelet concentration induced by platelet aggregation 
decreases due to diffusion. In the computation, the turbulent diffusivity is applied in the whole 
computational region. However, the fluid velocity in the recirculation area and near the wall is 
low. The fluid velocity at the center of the recirculation area is zero. Laminar diffusivity should 
be used at the places of low fluid velocity. The local maximum platelet concentration decreases 
quickly when turbulent diffusivity is used. However, the local maximum platelet concentration 
decreases gradually by using laminar diffusivity. As a result, compared with the turbulent 
diffusivity, the platelet concentration on the wall may be high by using laminar diffusivity. It 
is considered that the additional factor of platelet aggregation may have a big effect on the 
relative deposition rates by using laminar diffusivity at the places of laminar flows. 
 
4.7 Application of the hybrid method to other simulations 
The hybrid method can also be applied to other cases where particle aggregation occurs, 
such as droplet formation and planet formation. When droplet forms, aggregation occurs in the 
condensation, coalescence and precipitation. When planet forms, particle aggregation occurs 
in the gravitational interactions and collisions between dust particles. 
 
4.8 Summary 
In this chapter, the hybrid method was developed to simulate the phenomena of platelet 
transport, platelet activation, platelet deposition, and platelet aggregation in thrombus 
formation on four orifice flows. The concept of the hybrid method is that activated platelets 
are moved to the place of platelet aggregation. By the hybrid method, the increment of activated 
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platelet concentration due to platelet aggregation can be simulated. This result suggests that 
platelet aggregation can be simulated in the hybrid method. Activated platelet concentration is 
high at the reattachment point. Reattachment point is predicted to be the place of initial 
thrombus formation. The difference of the deposition rates between the cases of different 
particle numbers is small. This result suggests that the deposition rate can be computed by 
using the reduced particle number. When the particle number increases, the CPU time increases, 
and the relative error decreases. The proposed hybrid method has higher computational 
accuracy than FDM and DPD in the prediction of thrombus formation rate. The hybrid method 
can be used for the simulation on the flows with large length scale. The length scale of orifice 
flow is cm. In the hybrid methods developed by others, the length scale is μm. The large length 
scale is one of the merits of the hybrid method. The hybrid method may provide a helpful tool 








































Thrombus formation was simulated in this thesis. By FDM, platelet transport, platelet 
activation, and platelet deposition were simulated. By DPD, platelet aggregation was simulated. 
The originality of this thesis is the development of hybrid CFD method. The hybrid method 
was proposed to improve the accuracy in the prediction of thrombus formation with low 
computational time. 
 
Chapter 2 was the topic of FDM. The Sorensen’s original model of reaction rate of platelet 
activation was a function of agonist concentrations. The reaction rate of platelet activation was 
modified by taking the effect of shear rate into account. By the modified model, platelet 
activation during platelet transport can be computed. The activated platelets first move to the 
reattachment point. Reattachment point is predicted to be the place of initial thrombus 
formation. The deposition rates of the four orifices, which are the initial time gradients of the 
integrations of activated platelet concentration on the wall, were computed. The order of 
deposition rates of three in four orifice geometries agrees with the experimental results. 
 
Chapter 3 was the topic of DPD. Virtual particle model was proposed to reduce the particle 
number. The concept of the virtual particle model is that a certain number of platelets are 
grouped as one virtual particle. The numbers of platelet aggregation on the wall in the cases of 
different numbers of virtual particles were computed. The difference of the probability 
distribution functions, which are the numbers of platelet aggregation on the wall divided by the 
number of virtual particles, is small between these cases. This result suggests that although 
particle number is reduced, the computational accuracy can be ensured. The probability 
distribution function is high at the reattachment point. Reattachment point is predicted to be 
the place of initial thrombus formation. The aggregation rates of the four orifices, which are 
the initial time gradients of the number of platelet aggregation on the wall, were computed. 
The order of aggregation rates of three in four orifice geometries agrees with the experimental 
results. 
 
Chapter 4 was the topic of the development of the hybrid CFD method between FDM and 
DPD. The Gaussian function was used to incorporate the effect of platelet aggregation in the 
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computation of activated platelet concentration. The activated platelet concentrations in the 
cases of different particle numbers were computed. By the hybrid method, the increment of 
activated platelet concentration due to platelet aggregation can be simulated. This result 
suggests that the effect of platelet aggregation is taken into account in the hybrid method. 
Activated platelet concentration is high at the reattachment point. Reattachment point is 
predicted to be the place of initial thrombus formation. The difference of the deposition rates 
between the cases of different particle numbers is small. This result suggests that the deposition 
rate can be computed by using the reduced particle number. The relative errors, which is used 
to describe the difference of activated platelet concentrations between the cases of different 
particle numbers, were computed. When the particle number increases, the CPU time increases, 
and the relative error decreases. The hybrid method has higher accuracy than FDM and DPD 
in the prediction of thrombus formation rate. 
 
In this thesis, phenomena of platelet transport, platelet activation, platelet deposition, and 
platelet aggregation in thrombus formation are simulated by FDM, DPD, and the hybrid 
method. The following conclusions can be obtained. 
(1) In FDM, the Sorensen’s original model of reaction rate of platelet activation is a function 
of agonist concentrations. By using the original model, platelet activation during platelet 
transport can’t be computed. The reaction rate is modified by taking the effect of shear rate 
into account. By using the modified model, platelet activation during platelet transport can 
be computed. By investigating the place of high activated platelet concentration, 
reattachment point is predicted to be the place of initial thrombus formation. 
(2) In DPD, virtual particle model is proposed to reduce particle number. To investigate the 
computational accuracy of the virtual particle model, the probability distribution functions 
of the number of platelet aggregation on the wall in the cases of different numbers of virtual 
particles are computed. The difference of the probability distribution functions between 
these cases is small. This result suggests that the computational accuracy is ensured when 
particle number is reduced. By investigating the place of high probability distribution 
function, reattachment point is predicted to be the place of initial thrombus formation. 
(3) By combining FDM and DPD in the hybrid method, platelet transport, platelet activation, 
platelet deposition, and platelet aggregation can be simulated by one model. Activated 
platelet concentration is high at the reattachment point. Reattachment point is predicted to 
be the place of initial thrombus formation. The difference of the deposition rates between 
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the cases of different particle numbers is small. This result suggests that the deposition rate 
can be computed by using the reduced particle number. And the CPU time can be reduced. 
(4) Compared with FDM and DPD, the hybrid method has higher accuracy in the prediction 
of the place of initial thrombus formation and the thrombus formation rate. The hybrid 
method may provide a helpful tool for engineers to improve the anticoagulation effect of 
cardiovascular devices. 
 
In this thesis, some technical points should be improved. 
(1) The additional factor of platelet aggregation does not have a big effect on the relative 
deposition rates when the pulsatile conditions are imposed. It is necessary to sum up the 
platelet concentration in the cases of different pulsatile conditions and make the 
distribution of platelet concentration in the hybrid method same as the distribution of fibrin 
concentration in the experiment. When the distributions are the same, platelet aggregation 
may have a big effect on the relative deposition rates. 
(2) Different particles in the cluster have different Gaussian distribution functions. It is 
necessary to smooth the Gaussian distribution functions of particles in the same cluster. 
(3) The virtual particles are set to be uniformly distributed at the initial time. However, to 
model the real cases, particles should be randomly distributed. 
(4) In the simulation, the blood species and the flow field are decoupled. It is necessary to 
couple the blood species and the flow field. In FDM, the Navier-Stokes equations and the 
convection-diffusion-reaction equations should be coupled. In DPD, the force of particles 
acting on the flow field should not be ignored. 
(5) The shear rate is used in the definition of the reaction rate of platelet activation. Platelets 
are known to activate in response to shear stress conditions. Shear stress should be used in 
the definition. 
 
The proposed hybrid method can also be applied to other cardiovascular devices, such as 
prosthetic heart valves, artificial hearts, coronary artery stents, and synthetic vascular. By using 
our proposed virtual particle model, the particle number can be reduced and the place of initial 
thrombus formation on the flow in the cardiovascular devices can be predicted. The hybrid 




Except for cardiovascular devices, the proposed virtual particle model can also be used to 
the applications in other research fields, such as simple fluids hydrodynamics, polymer 
solutions and melts, and colloidal suspensions. In the simulation of fluid flows at micro-meso-
scales, such as the formation of micro-drops, the small scale effects can’t be simulated by the 
mesh-based methods. To simulate the small scale effects, particle methods should be used. By 
using our virtual particle model, the molecules and atoms are grouped as virtual particles. The 
deformation of the forming micro-drops can be simulated. A polymer is a large molecule 
composed of many subunits. A certain number of subunits can be grouped as one particle. The 
conformation and relaxation, the dynamics, and diffusivity and viscosity of the polymer chains 
can be simulated. For another example, amphiphilic block copolymers in selective solution 
self-assemble into a variety of morphologies. Hydrophilic heads and hydrophobic tails are 
grouped as particles. The aggregation and the self-assembled microstructures of amphiphilic 
block copolymers can also be studied by using our virtual particle model. 
 
We expect that our proposed model may be widely applied to simulate the complicated 
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